AD 


Award  Number:  DAMD1 7-03-1 -0407 


TITLE:  Mullerian  Inhibiting  Substances  (MIS)  Augments  IFN-y  Mediated  Inhibition  of 
Breast  Cancer  Cell  Growth" 


PRINCIPLE  INVESTIGATOR:  Vandana  Gupta,  Ph.D. 


CONTRACTING  ORGANIZATION:  Massachusetts  General  Hospital 

Boston,  MA  02114-2696 


REPORT  DATE:  June  2006 


TYPE  OF  REPORT:  Annual  Summary 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release; 

Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and 
should  not  be  construed  as  an  official  Department  of  the  Army  position,  policy  or  decision 
unless  so  designated  by  other  documentation. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the 
data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing 
this  burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202- 
4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently 
valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1.  REPORT  DATE  2.  REPORT  TYPE  3.  DATES  COVERED 

01-06-2006  Annual  Summary  1  Jun  2003  -  31  May  2006 


4.  TITLE  AND  SUBTITLE  5a.  CONTRACT  NUMBER 


Mullerian  Inhibiting  Substances  (MIS)  Augments  IFN-y  Mediated  Inhibition  of  Breast 
Cancer  Cell  Growth" 


5b.  GRANT  NUMBER 

DAMD 17-03-1 -0407 


5c.  PROGRAM  ELEMENT  NUMBER 


6.  AUTHOR(S) 


5d.  PROJECT  NUMBER 


Vandana  Gupta,  Ph.D. 


5e.  TASK  NUMBER 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Massachusetts  General  Hospital 
Boston,  MA  02114-2696 


5f.  WORK  UNIT  NUMBER 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 
U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  Public  Release;  Distribution  Unlimited 


13.  SUPPLEMENTARY  NOTES 

Original  contains  colored  plates:  ALL  DTIC  reproductions  will  be  in  black  and  white. 


14.  ABSTRACT 

SEE  ATTACHED  PAGE 


10.  SPONSOR/MONITOR’S  ACRONYM(S) 


11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 


15.  SUBJECT  TERMS 

Breast  Cancer 


16.  SECURITY  CLASSIFICATION  OF: 

18.  NUMBER 

OF  PAGES 

19a.  NAME  OF  RESPONSIBLE  PERSON 

USAMRMC 

a.  REPORT 

U 

b.  ABSTRACT 

U 

c.  THIS  PAGE 

U 

uu 

30 

19b.  TELEPHONE  NUMBER  (include  area 
code) 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39.18 


ABSTRACT 


MIS  is  a  member  of  the  TGFIi  family.  The  purpose  of  this  study  is  to  test  the 
hypothesis  that  MIS  and  IFN-g  might  be  moreeffective  in  the  inhibition  of  breast 
cancer  cell  growth  than  either  agent  alone.  We  observed  MIS  and  IFN-g  co¬ 
stimulate  IRF1  expressionthrough  NFkB  and  STAT  pathways,  respectively  with  a 
synergistic  induction  of  CEACAM1  and  MHCII  mRNA  expression, 
genesdownstream  of  IRF1 .  In  concordance  with  this  observation,  treatment  of 
MDA-MB-468  cells  with  either  MIS  or  IFN-g  inhibited  growth  andthe  presence  of 
both  inhibited  growth  better.  We  observed  that  MIS  promotes  IFN-g-induced 
apoptosis  demonstrating  a  functionalinteraction  between  these  two  classes  of 
signaling  molecules  in  regulation  of  breast  cancer  cell  growth.  To  evaluate 
whether  MIS  and  IFN-gmay  be  useful  in  breast  cancer  therapy,  we  determined 
whether  the  growth  inhibitory  effect  of  MIS  and  IFN-g  observed  in  vitro  would 
berecapitulated  in  vivo.  Both  MIS  and  IFN-g  decreased  the  gain  in  tumor  volume 
of  MDAMB468  xenografts  established  in  SCID  mice.C3(1  )Tag  transgenic  mouse 
model  carries  the  SV40  large  T  antigen  targeted  to  the  epithelium  of  the 
mammary  and  prostate  glands  andprogression  of  disease  in  these  animals 
correlates  well  with  progressive  stages  of  human  breast  cancer.  Mammary 
tumors  arising  in  theC3(1)  T  antigen  mouse  model  expressed  the  MIS  type  II 
receptor.  Administration  of  MIS  to  mice  was  associated  with  a  lower  number 
ofpalpable  mammary  tumors  and  the  mean  mammary  tumor  weight  as  compared 
with  the  control  group  (p=0.029).  Different  doses  of  mIFN-gwere  injected  into  10 
week  old  C3(1  )Tag  transgenic  mice  for  5  weeks  intraperitoneally.  Both  1 0ng  and 
lOOng  mIFN-g  significantly  reducedthe  tumor  volumes  and  tumor  weights  in  this 
mouse  model.  Analysis  of  PCNA  expression  and  caspase-3  cleavage  in  tumors 
revealed  thatexposure  to  MIS  or  mIFN-g  was  associated  with  decreased 
proliferation  and  increased  apoptosis,  respectively,  and  not  due  to  decline  in  T- 
antigen  expression.  Thus  MIS  and  mIFN-g  can  suppress  the  growth  of  mammary 
tumors  in  vivo.  Since,  MIS  improves  the  growth  inhibitoryeffects  of  mIFN-g  on 
breast  cancer  cell  lines  in  vitro  by  augmenting  IFN-gamma  induced  gene 
expression  and  apoptosis.  Next,  we  treatedC3SV40  transgenic  mice  with  mlFN- 
g(1  Ong)  and  MIS  (20ug)  independently  and  in  combination  for  4  weeks.  We 
observed  that  micereceiving  both  MIS  and  mIFN-g  had  less  mean  tumor  volume 
as  compared  to  mice  receiving  independent  treatments.  Thus,  these 
resultsdemonstrate  that  MIS  can  improve  the  growth  inhibitory  effects  of  IFN- 
gamma  in  vivo.  This  study  indicates  the  possibility  of  using  MIS. 
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Introduction 


Mullerian  Inhibiting  Substance  (MIS)  is  a  member  of  the  TGFB  family,  a  class  of  molecules 
that  govern  a  myriad  of  cellular  processes  including  growth,  differentiation,  and  apoptosis. 
However,  a  postnatal  role  for  MIS  in  males  and  females  has  yet  to  be  defined.  MIS  inhibits  breast 
cancer  cell  growth  by  interfering  with  cell  cycle  progression  and  inducing  apoptosis.  We  recently 
demonstrated  the  presence  of  MIS  receptors  in  mammary  tissue  and  in  breast  cancer  cell  lines 
suggesting  that  the  mammary  gland  is  a  likely  target  for  MIS  (Segev,  et  al,  2000).  In  the  rat 
mammary  gland,  expression  of  the  MIS  type  II  receptor  is  suppressed  during  puberty  when  the 
ductal  system  branches  and  invades  the  adipose  stroma  and  during  massive  expansion  at  pregnancy 
and  lactation,  but  is  upregulated  during  involution,  a  time  of  tissue  regressio.  The  decline  in  MIS 
type  II  receptor  expression  during  various  stages  of  postnatal  mammary  growth  suggested  a  growth 
suppressive  role  for  MIS  in  the  mammary  gland  (Segev  et  al,  2001). 

Interferon  regulatory  factor- 1  (IRF-1),  a  gene  known  for  its  growth  inhibitory  functions  in 
breast  cancer  cells  is  induced  by  MIS  and  IFN-y  through  a  NFkB  and  STAT  pathway  respectively. 
Treatment  of  breast  cancer  cells  with  MIS  and  interferon-y  (IFN-y)  co-stimulated  the  expression  of 
IRF-1  and  CEACAM1,  a  target  gene  of  IRF1.  A  combination  of  IFN-y  and  MIS  inhibited  the 
growth  of  breast  cancer  cells  to  a  greater  extent  than  either  one  alone  as  assessed  by  MTT  assay. 
Both  reagents  significantly  decreased  the  fraction  of  cells  in  the  S-phase  of  the  cell  cycle,  an  effect 
not  enhanced  when  they  were  used  in  combination.  Thus  the  enhanced  inhibition  of  breast  cancer 
cell  growth  by  MIS  and  IFN-y  could  not  be  explained  by  combined  changes  in  cell  cycle 
progression  compared  to  treatment  with  either  agent  alone  (Hoshiya  et  al,  2003). 

We  have  demonstrated  that  MIS  promotes  IFN-y-induced  apoptosis  demonstrating  a 
functional  interaction  between  these  two  classes  of  signaling  molecules  in  regulation  of  breast 
cancer  cell  growth.  To  evaluate  whether  MIS  and  IFN-y  may  be  useful  in  breast  cancer  therapy,  we 
determined  whether  the  growth  inhibitory  effect  of  MIS  and  IFN-y  observed  in  vitro  would  be 
recapitulated  in  vivo.  Assaying  the  effect  of  MIS  on  mammary  tumor  models  in  vivo  is  critical  to 
determine  whether  MIS  could  act  as  an  anti-tumor  agent.  We  have  developed  human  breast  cancer 
xenografts  in  SCID  mice  using  MDA-MB-468  cells  and  demonstrated  that  both  MIS  and  IFN-y- 
when  injected  intraperitoneally  can  inhibit  the  growth  of  these  breast  cancer  xenografts  in  mice. 
Using  a  C3(l)Tag  mouse  model,  which  carries  the  SV40  large  T  antigen  targeted  to  the  epithelium 
of  the  mammary  and  prostate  glands  and  develops  spontaneous  mammary  tumors,  we  have 
observed  that  mean  mammary  tumor  weight  and  growth  of  tumors  in  IFN-y  and  MIS  treated 
animals  to  be  significantly  lower  than  the  vehicle  treated  controls.  Analysis  of  PCNA  expression 
and  caspase-3  cleavage  in  tumors  revealed  that  exposure  to  MIS  was  associated  with  decreased 
proliferation  and  increased  apoptosis,  respectively. 

Since,  MIS  improves  the  growth  inhibitory  effects  of  IFN-y  on  breast  cancer  cell  lines  in 
vitro  by  augmenting  IFN-gamma  induced  gene  expression  and  apoptosis.  Next,  we  treated  C3SV40 
transgenic  mice  with  mlFN-y(lOng)  and  MIS  (20ug)  independently  and  in  combination  for  4 
weeks.  We  observed  that  mice  receiving  both  MIS  and  mIFN-y  had  less  mean  tumor  volume  as 
compared  to  mice  receiving  independent  treatments.  Thus,  these  results  demonstrate  that  MIS  can 
improve  the  growth  inhibitory  effects  of  IFN-gamma  in  vivo.  This  study  indicates  the  possibility  of 
using  MIS  independently  or  in  combination  with  IFN-gamma  as  an  alternative  therapy  for  the 
breast  cancer  cure. 
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Final  Report  (Body) 


Title:  Mullerian  Inhibiting  Substance  (MIS)  augments  IFN-y  mediated  inhibition  of 
breast  cancer  cell  growth. 

Specific  Aim  I:  Characterization  of  the  molecular  mechanism  that  integrates  IFN-y  and 
MIS  mediated  signaling.  (12  months) 

Task  1:  To  identify  the  molecular  mechanism  by  which  MIS  and  IFN-y  induce  IRF-1 
expression  in  breast  cancer  cells,  (completed) 

MIS  and  IFN-y  function  through  distinct  molecular  pathways. 

MIS  and  IFN-y  induce  IRF-1  expression  in  breast  cancer  cells.  In  order  to  identify 
the  molecular  mechanisms,  by  which  MIS  and  IFN-y  induce  IRF-1  expression,  gel  shift 
assays  were  carried  out  using  NFkB  or  STAT-inducing  element  (SIE)  oligonucleotides 
containing  the  relevant  DNA  binding  consensus  sequences.  MIS  induced  NFkB  DNA 
binding  activity.  The  supershift  experiments  performed  using  anti  p50  and  anti  p65 
antibodies  demonstrated  that  the  complex  consists  of  p50  and  p65  NFkB  subunits  in 
T47D  cells  (figure  la).  Binding  to  the  SIE  DNA  sequence  was  not  observed  suggesting 
that  MIS  does  not  evoke  STAT  DNA  binding  in  these  cells.  IFN-y  however  induced  SIE 
DNA  binding  activity  but  did  not  activate  the  DNA  binding  activity  of  NFkB.  Antibody 
supershift  experiments  demonstrated  that  the  STAT-DNA  protein  complex  induced  by 
IFN-y  contained  the  STAT-1  protein  but  not  STAT-3  or  STAT-5a  (figure  lb). 


Fig. la 


Fiu.  lb 
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Fig.  1.  T47D  cells  were  treated  with  35  nM  MIS  or  1  ng/ml  of  IFN-y  or  both  for  1  hour 
and  3  pig  of  nuclear  proteins  were  analyzed  by  gelshift  assay  using  32P-labelled 
oligonucleotides  containing  the  consensus  DNA  binding  site  for  NFkB  (a)  or  the  STAT 
(b)  proteins.  (SIE:  Stat  Inducing  Element) 


5 


MIS  and  IFN-y  costimulate  IRF1  expression  through  NFkB  and  STAT  pathway. 

T47D  cell  clones,  which  express  the  dominant  negative  inhibitor  of  IkB  (IkBa- 
DN)  were  generated.  Induction  of  IRF-1  by  MIS  was  greatly  reduced  in  the  clone 
harboring  IkBa-DN  compared  to  cells  transfected  with  the  empty  vector,  however  it  did 
not  interfere  with  induction  of  IRF-1  by  IFN-y.  MIS  and  IFNg  costimulated  the  IRF1 
expression  in  T47D  cells  via  NFkB  and  STAT  pathway  (fig.  2)  (JBC,  2003). 


Fig.  2.  Vector  and  IicBa-DN-expressing  T47D 
cells  were  treated  with  35  nM  MIS  or  1  ng/ml 
of  IFN-y  or  both  for  2  hours  and  total  RNA 
(5//g)  was  analyzed  for  IRF-1  expression. 

Task  2:  To  determine  if  MIS  mediated  activation  of  IRF-1  occurs  via  Stnad  pathway 
(completed). 

Induction  of  IRF1  by  MIS  is  independent  of  the  Smad  pathway 

MIS  a  member  of  TGFb  family  signals  through  Stnadl  pathway.  T47D  cells  stably 
expressing  the  SmadlDN  transgene  gene  in  which  serines  at  residues  462,  463  and  465 
were  converted  to  alanines  were  identified  by  northern  blot.  Similar  levels  of  IRF-1 
induction  by  MIS  in  vector  and  SmadlDN  transfected  T47D  cells  (fig.  3)  demonstrated 
that  MIS  mediated  induction  of  IRF-1  does  not  require  phosphorylation  of  Smadl. 

Vector  Clone5  Clone  16 

MIS  1  +  I  +  I  7" 

Fig.  3  Expression  of  IRF1  in  vector  transfected  and 
SmadlDN  was  analysed  by  northern  blot. 


Task  3:  To  test  the  effect  of  MIS  and  IFN-y  on  the  gene  expression  of  growth  regulatory 
genes  (completed) 

MIS  and  IFN-y  induce  the  expression  of  CEACAM1  (JBC,  2003),  p21  and  MHC 
classll 


Vector  ikBDN-i 


CEACAM1  (carcinoembryonic  antigen-realated  cell  adhesion  molecule)  also 
known  as  biliary  glycoprotein  (BGP)  is  a  Ca2+  dependent  cellular  adhesion  molecule  that 
is  expressed  in  epithelial  cells  (  Thompson  et  al,  1994;  Cheug  et  al,  1993  ).  Both  MIS  and 
IFN-y  induced  CEACAM1  expression  in  T47D  cells.  Interestingly,  simultaneous  addition 
of  MIS  and  IFN-y  resulted  in  synergistic  induction  of  CEACAM1  expression  (figure  4a). 
IRF1  can  inhibit  tumor  growth  through  the  induction  of  p21,  a  growth  inhibitory  gene 
(Dornan  et  al,  2004).  We  observed  that  both  MIS  and  IFN-y  induce  p21  expression  in 
T47D  cells  as  observed  by  Western  blot  analysis  but  the  expression  was  not  further 
affected  when  cells  were  treated  with  a  combination  of  MIS  and  IFN-y  for  4hrs  (Fig.  4b) 
MHC  classll,  another  gene  downstream  of  IRF1  was  upregulated  by  IFN-y  (Storm 
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van's  Gravesande,  2002).  T47D  cells  when  treated  for  48hrs  with  MIS  and  IFN-y 
demonstrated  a  synergistic  induction  of  MHCII  mRNA  (Fig.  4c). 

Thus,  we  have  observed  that  MIS  and  IFN-y  costimulate  the  expression  of  IRF1 
with  a  synergistic  induction  of  the  downstream  genes  CEACAM 1  and  MHCII  in  breast 
cancer  cells. 


Fig.  4a.  T47D  cells  were  treated  with  35  nM  MIS  or  1 
ng/ml  of  IFN-g  or  both  for  24  hours.  Total  RNA  iso¬ 
lated  from  cells  was  analyzed  for  CEACAM  1  expres¬ 
sion.  Hybridization  to  18S  rRNA  is  shown. 


MIS  IFNg  MIS+  IFNg 

0  2  4  2  4  2  4 

p21 


Fig.4b.  Expression  of  p21  in  T47D  cells  treated  with  IFN- 
g(  5ng/ml)  and  MIS  (5ug/ml)  for  2  and  4  hrs  as  assessed  by 
Western  blot  analysis 


Untreated  MIS  IFNg  MIS+IFNg 

MHCII 


Fig.4c.  Expression  of  MHCII  in  T47D  cells 
treated  with  IFN-g(  5ng/ml)  and  MIS  (5ug/ml) 
for  48  hrs  as  assessed  by  Northern  blot  analysis 


Specific  Aim  II:  Test  the  effect  of  MIS,  IFN-y,  or  both  on  breast  cancer  cell  growth 
using  in  vitro  and  in  vivo  model  systems.  (24  months) 

Task  4:  To  characterize  the  mechanism  by  which  MIS  and  IFN-y  inhibit  breast  cancer 
cell  growth  (completed) 


Effect  of  MIS  and  IFN-y  on  breast  cancer  cell  growth 

Since  the  signaling  events  initiated  by  MIS  and  IFN-y  converge  to  increase  the 
magnitude  of  gene  expression,  we  next  tested  their  effect  on  the  growth  of  breast  cancer 
cells  over  a  period  of  1-8  days.  Treatment  of  MDA-MB-468  cells  with  either  MIS  or 


IFN-y  inhibited  growth  and  the  presence  of  both 


Days  after  treatment 


inhibited  growth  better  (figure  5;  n=8). 


Fig.  5.  MIS  and  IFN-g  were  added  at  a  concentration 
of  35nM  and  5ng/ml,  respectively,  to  MDA-MB-468 
cells  seeded  in  a  96  well  plate.  Cell  viability  was 
determined  after  1,  2,  4,  6  and  8  days  by  analysis  of 
MTT  conversion.  Plates  were  anlyzed  in  an  ELISA 
plate  reader  at  550  nm  with  a  reference  wave  length 
of  630nm  (n=8). 


MIS  and  IFN-y  synergistically  increased  apoptosis  (JBC,  2003,  article  attached). 

Translocation  of  annexinV  from  the  inner  surface  of  the  plasma  membrane  to  the 
outside  occurs  after  initiation  of  apoptosis  and  thus  serves  as  a  marker  of  apoptosis. 
MDA-MB-468  cells  were  treated  with  MIS,  IFN-y  or  MIS+IFN-y  for  96  hours  and  cell 
surface  expression  of  annexinV  was  analyzed  by  staining  cells  with  a  FITC-annexinV 
antibody  (Fig.  6a).  Both  MIS  and  IFN-y  increase  number  of  annexin  V  positive  cells. 
However,  treatment  of  cells  with  a  combination  of  MIS+IFN-y  together  resulted  in  a 
synergistic  increase  in  the  fraction  of  cells  in  early  and  late  stages  of  apoptosis.  Thus 
growth  inhibition  of  MDA-MB-468  cells  following  co-treatment  with  MIS  and  IFN-y 
results  from  enhanced  apoptosis. 
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Fig.  6a  MDA-MB-468  cells  were  treated  with 
5ng/ml  IFNg  or  5ug/ml  MIS  or  both  for  96  hrs.  Cells 
were  stained  with  annexin V-FITC  and  DAPI  and 
analysed  by  FACS.  Percentage  of  cells  undergoing 
apoptosis  is  shown.  Statistical  analysis  was  done 
using  ANOVA. 


Early+  Late  Stage  apoptosis  (Zones  B+  C) 


Thus,  we  have  observed  that  a  combination  of  MIS  and  IFN-y  led  to  a  greater 
degree  of  growth  inhibition  compared  with  either  agent  alone  due  to  enhanced  apoptosis 
rather  than  a  combinatorial  effect  on  cell  cycle  progression. 

Effect  of  MIS  and  IFN-y  on  activated  caspase-3 

Both  MIS  and  IFN-y  increased  the  cleaved  caspase3,  an  apoptosis  marker  in  MDA-MB- 
468  cells  with  an  increase  in  the  activated/  cleaved  caspase3  when  cells  were  treated  in 
combination  with  MIS  and  IFN-y  for  3  days  as  demonstrated  by  Western  blot  analysis  in 
fig.  6b 


Untreated  IFNg  MIS  MIS+IFNg 

Fig.  6b  MDAMB468  cells  were  treated  with 
MIS(5ug/ml)  and  IFN-y(5ng/ml)  for  3  days.  Acti¬ 
vated  caspase3  was  assessed  using  Western  blot 
analysis. 


casapse3 


Task  5:  To  test  the  growth  inhibitory  effect  of  MIS  and  IFN-y  in  vivo,  selection  of 
mouse  model  (completed). 
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In  order  to  test  the  effect  of  MIS  and  IFN-y  in  vivo,  we  tested  MDA-MB-468  and  T47D 
breast  cancer  cell  lines  in  nude  and  SCID  mice  by  injecting  the  cells  subcutaneously  on 
the  dorsal  flanks.  MDA-MB-468  breast  cancer  cell  line  formed  xenografts  robustly  in 
SCID  mice. 

Establish  xenografts  in  SCID  mice 

The  MDA-MB-468  cells  are  ER  negative,  Rb  negative,  harbor  a  mutant  p53  and 
are  highly  responsive  to  MIS  and  rhuIFN-y  treatment  in  vitro. 

4xl06  cells/site  in  50  pi  of  DMEM  were  injected  subcutaneously  into  the  bilateral 
dorsal  flanks  of,  6-week  old  female  SCID  mice.  Tumors  appeared  within  one  week  of 
injections  and  did  not  demonstrate  central  necrosis.  Mice  were  ear-tagged  to  monitor  the 
kinetics  of  tumor  growth  at  each  site.  Four  weeks  after  the  injection  of  cells,  animals  with 
tumors  >  250mm3  were  randomly  divided  into  treatment  groups.  Thus,  the  SCID  animals 
with  MDA-MB-468  xenografts  established  on  the  dorsal  flanks  were  used  for  further 
studies. 

Spontaneously  arising  mammary  tumors  in  mice 

A  transgenic  mouse  model  for  spontaneous  mammary  carcinoma  was  obtained 
from  Dr.  Jeffrey  Green  at  NIH,  in  which  targeted  expression  of  the  early  region  of  the 
SV40  large  tumor  Ag  was  achieved  using  the  promoter  of  the  rat  prostatic  steroid  binding 
protein.  Mammary  tumors  in  this  model  occur  in  100%  of  mice  with  very  early  onset. 
Atypia  of  the  mammary  gland  develops  at  ~8  weeks  progressing  to  intraepithelial 
neoplasia  resembling  human  DCIS  at  ~12  weeks  with  development  of  invasive 
carcinomas  at  about  ~  16-24  weeks.  It  has  also  been  utilized  in  several  studies  to  test 
novel  therapeutic  strategies  on  various  stages  of  tumor  progression  (Wigginton  ,  2001). 
These  tumors  are  ER  negative  and  have  functionally  inactive  p53  and  Rb  and  thus 
complement  MDA-MB-468  xenografts  in  SCID  mice  (Yin  et  al,  2001). 

Task  6:  Determining  the  dose  of  MIS  and  IFN-y  required  for  tumor  regression  studies 
(completed). 

Female  SCID  mice  were  injected  with  a  single  dose  of  lpg  rhuIFN-y  and  blood 
samples  were  drawn  at  various  time  intervals.  Serum  rhuIFN-y  concentrations,  estimated 
based  on  a  standard  concentration  curve,  increased  in  proportion  to  the  dose,  peaked  at 
~l-3  hours  and  was  undetectable  at  24  hours.  Serum  of  animals  injected  with  10  and  100 
ng  rhuIFN-y  once  intraperitoneally  had  undetectable  levels  of  rhuIFN-y  6-24  hrs  after 
injection.  Although,  rhuIFN-y  as  high  as  lOpg  injected  once  intraperitoneally  did  not 
cause  any  harmful  effects  to  the  animals  but  because  of  the  known  toxic  effects  of  IFN-y, 
10-100ng  rhuIFN-y  will  be  injected  intraperitoneally  to  these  animals  5  days  a  week  for 
4-5  weeks 

Human  and  mouse  interferon-y  proteins  share  41%  sequence  homology  and  are 
species  specific.  Thus  mouse  IFN-y  (mIFN-y;  R  &  D  systems)  will  be  used  to  inject 
C3SV40  Tantigen  mouse. 
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Previously,  we  have  observed  that  10p,g  rhMIS/  animal  inhibits  the  growth  of 
human  ovarian  cancer  cell  xenografts  grown  in  nude  mice  (Drs.  Patricia  Donahoe  and 
David  McLaughlin;  personal  communication).  Since,  this  dose  had  no  harmful  effects  on 
animals  and  in  order  to  further  improve  its  anti-tumor  effects  we  have  injected  20  p,g 
rhMIS/  animal  intraperitoneally  for  5  days  a  week  with  two  treatment  free  days/  for  4-5 
weeks. 

Task  7:  Once  optimal  dosages  are  estimated,  animals  with  established  tumors  will  be 
divided  into  four  groups  to  administer  (1)  vehicle,  (2)  MIS,  (3)  IFN-y  and  (4)  MIS  +  IFN- 
y.  Serum  MIS  and  IFN-y  concentration  will  be  measured  by  ELISA.  The  tumor  size  will 
be  measured  by  using  calipers  (completed). 

Ia)  Effect  of  MIS  on  MDA-MB-468  tumor  growth  in  SCID  mice 

Results  published  in  Gupta  et  al,  PNAS  2005  (article  attached) 

I  b)  MIS  inhibits  the  growth  of  spontaneously  arising  mammary  tumors  in  C3(l) 

Tag  mice  in  vivo 

Results  published  in  Gupta  et  al,  PNAS  2005  (article  attached) 

Ha)  Effect  of  IFN-y  on  MDA-MB-468  tumor  growth  in  SCID  mice 

MBA-MB-468  xenografts  were  grown  subcutaneously  and  bilaterally  in  the  dorsal  flanks 
of  6-week  old  female  SCID  mice.  A  set  of  10  mice  with  established  tumors  were  divided 
into  two  groups  of  5  each.  Both  groups  were  treated  at  the  same  time  with  either  PBS  or 
lOng  rhu  IFN-y/animal  for  5  days  a  week  with  a  treatment  free  interval  of  two  days  for  4 
weeks.  Volume  was  calculated  as  LxW2  [length=L  and  width=W]  at  regular  intervals. 
Gain  in  volume  was  calculated  at  the  end  of  the  treatment.  IFN-y  significantly  reduced 
the  growth  of  xenografts  as  compared  to  control  animals  (p=0.0043). 
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Fig. 7.  Effect  of  IFN-y  on  MDA-MB- 
468  tumor  xenografts  established  in 
SCID  mice.  Tumor  volumes  were 
measured  during  treatment  using 
calipers. 
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lib)  IFN-y  inhibits  the  growth  of  cells  established  from  C3(l)  Tag  mice 
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In  order  to  test  the  effect  of  low  levels  of  IFN-y  on  mammary  tumor  growth  in  vivo,  we 
first  determined  if  IFNy  could  inhibit  the  in  vitro  growth  of  M6  cells  established  from 
C3(l)  Tag  mouse  tumors.  M6  cells  (2500/  well)  were  treated  with  0,  10,  and  100  ng/ml  of 
IFN-y  for  6  days  and  cells  numbers  were  quantified  at  4,  5  and  6  days  of  treatment.  As 
shown  in  figure  8,  both  10  and  100ng/  ml  mIFN-y  inhibited  the  growth  of  M6  cells  by 
51%,  74%  and  86%,  respectively  (p<0.001  by  two-sided  Students’  t-test)  suggesting  that 
these  mammary  tumor  cells  are  responsive  to  the  growth  inhibitory  effects  of  IFNy. 


Fig. 8.  M6  cells  were 
treated  with  different 
concentrations  of  mlFN- 
y.  Number  of  cells  were 
counted  over  a  period  of 
6  days  after  the 
treatment. 


Effect  of  IFN-y  on  the  growth  of  mammary  tumors  in  C3(l)SV40Tantigen  animals 

C3(l)SV40Tantigen  transgenic  mice  were  divided  into  three  groups  of  8  mice  each.  10- 
week  old  mice  were  injected  with  1)  PBS  2)  lOng  mIFN-y  3)  100  ng  mIFN-y  each  day 
for  5  days  a  week  for  5  weeks.  Two  weeks  after  the  start  of  treament  animals  started 
having  palpable  tumors  which  were  measured  at  regular  intervals  using  calipers.  At  the 
end  of  the  experiment,  animals  were  sacrificed  and  tumors  excised  and  weighed.  Mice 
receiving  mIFN-y  had  significantly  less  number  of  tumors  as  compared  to  control  animals 
(Fig.  9)  and  the  tumor  growth  in  these  mice  was  very  slow  compared  to  PBS  animals  in 
which  tumors  once  appeared  grew  robustly.  However,  some  of  the  mIFN-y  treated  groups 
with  no  palpable  tumors  also  had  hyperplasia  or  early  stages  of  tumorigenesis.  Animals 
receiving  lOng  mIFN-y  had  a  50%  decrease  in  tumor  weight  (p=0.03)  with  a  70% 
decrease  (p=0.009)  in  mice  receiving  lOOng  mIFN-y  as  compared  to  PBS  receiving  mice 
after  5  weeks  of  treatment  (Fig.  9b). 
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Fig.  9.  C3  SV40Tagmice  divided  into  three  groups 
received  PBS  or  10  or  lOOng  mIFN-g  5  weeks.  Tumor 
volumes  were  measured  at  regular  intervals  using  calli¬ 
pers. 


Fig. 9b  Effect  of  mIFN-y  on  the  mean 
tumor  weights  in  C3SV40  after  5 
weeks  of  treatment. 


Task  8:  The  tumors  will  be  tested  histopathologically  to  evaluate  the  histology  of  grafts 
(completed). 


Both  MIS  and  IFN-y  suppress  proliferation  of  mammary  tumors  in  vivo 

In  order  to  determine  whether  suppression/delay  in  mammary  tumors  observed  in 
MIS  and  IFN-y  treated  mice  was  due  to  decreased  proliferation  and/or  increased 
apoptosis  compared  with  that  observed  in  PBS-treated  controls,  tumors  were  stained  with 
antibodies  against  PCNA,  a  marker  of  proliferation,  and  cleaved  caspase-3,  a  marker  of 
early  stage  apoptosis.  The  extent  of  PCNA  staining  in  the  mammary  adenocarcinomas 
resected  from  PBS-treated  animals  was  uniform  through  out  the  tumors  while  the  MIS- 
treated  adenocarcinomas  demonstrated  PCNA  positive  regions  interspersed  with  PCNA 
negative  patches  (figure  10a).  The  nodular  atypical  hyperplasia  and  mammary 
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intraepithelial  neoplasia  in  the  mammary  glands  of  MIS-treated  mice  also  demonstrated 
patchy  PCNA  staining. 

PBS  MIS 

FiglOa.Immunohistochemical 
expression  of  PCNA  (anti  PCNA 
antibody  from  Zymed  lab  in 
tumors  resected  from  PBS  and 
MIS  treated  mice.  A 
representative  tumor  from  each 
group  is  shown 


In  case  of  tumors  from  Interferon  gamma  treated  mice,  PCNA  staining  was  dramatically 
decreased  in  both  lOng  and  lOOng  IFN  gamma  treated  animals. 


PBS  lOng  IFNg  lOOng  IFNg 


Fig.  lOb.Immunohistochemical  expression  of  PCNA  in  tumors  resected  from  PBS  and 
Interferon  gamma  treated  mice.  A  representative  tumor  from  each  group  is  shown 


Activated  caspase3  was  increased  in  MIS  treated  tumors  as  compared  to  PBS.  In 
IFNgamma  treated  animals  also  staining  for  cleaved  caspase3  was  prominent  and  most  of 
the  tumors  from  Interferon  gamma  treated  mouse  stained  positive  for  cleaved  caspase3  as 
assessed  by  Immunohistochemistry  analysis  of  tumors  from  PBS  and  Interferon  gamma 
treated  mice. 
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Fig.  11a 


Fig.  lib 


Fig.  11a,  b.  Caspase3  cleavage  in  PBS  and  MIS  treated  tumors  (Fig.  11a)  and  PBS  and 
IFN-y  treated  tumors  (Fig.  lib)  as  assessed  by  immunohistochemically  using  anti 
caspase3  antibody  from  Cell  Signalling.  A  representative  tumor  from  each  group  is 
shown 


III)  To  test  if  MIS  and  IFN-y  can  inhibit  the  breast  tumor  growth  better  than  MIS 
or  IFN-y  alone  in  vivo 

10  week  old  mice  were  divided  into  four  groups  of  5  animals  each  and  received  1) 
PBS;  2)  mIFN-y  (10ng/  day);  3)  MIS  (20ug/  day);  4)  MIS  (20ug)  +  mIFN-y  (10ng)/  day 
for  5  days  a  week  with  a  treatment  free  interval  of  2  days  for  a  total  of  4  weeks.  Two 
weeks  after  the  start  of  treatment  animals  start  showing  palpable  tumors.  Tumor  volumes 
were  measured  at  regular  intervals  during  the  treatment  and  tumor  weights  were 
measured  at  the  end  of  treatment.  Tumor  volumes  which  were  obtained  by  LxWxW  were 
found  to  be  decreased  in  all  the  groups  as  compared  to  PBS  control.  Both  MIS  and 
mlFN-y  reduced  the  tumors  weights  independently,  however  the  combined  treatment  of 
MIS  and  mIFN-y  reduced  both  the  tumor  weights  and  tumor  volumes  further  as  compared 
to  the  independent  treatments.  Thus,  these  results  suggest  that  MIS  can  improve  the 
growth  inhibitory  effects  of  IFN-y  (fig.  12). 
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Fig.  12.  C3Sv40  mice  were  divided  into  four  groups  of  5  mice  each  and  received 
PBS,  lOng  mIFNg,  20ug  MIS  independently  or  in  combination  for  4  weeks  and  the  tumor 
volumes  were  measured  as  LxWxW. 


Key  Accomplishments: 

•  MIS  and  IFN-y  function  through  distinct  molecular  pathways.  MIS  induced  NFkB 
DNA  binding  activity  in  breast  cancer  cells  where  as  IFN-y  functions  through  Statl 
DNA  binding  activity  as  is  observed  by  Gel  shift  assays. 

•  MIS  and  IFN-y  costimulate  IRF1  expression  in  breast  cancer  cells  through 
activation  of  NFkB  and  STAT  pathways,  respectively. 

•  MIS  mediated  induction  of  IRF-1  does  not  require  phosphorylation  of  Smadl  as 
similar  levels  of  IRF-1  induction  are  observed  by  MIS  in  vector  and  SmadlDN 
transfected  T47D  cells. 

•  MIS  and  IFN-y  costimulate  the  expression  of  IRF 1  with  a  synergistic  induction  of 
the  downstream  genes  CEACAM1  and  MHCII  in  breast  cancer  cells. 

•  Treatment  of  MDA-MB-468  cells  with  either  MIS  or  IFN-y  inhibited  growth  and 
the  presence  of  both  inhibited  growth  better. 

•  MIS  and  IFN-y  co-stimulate  the  expression  of  activated  caspase3,  an  apoptosis 
marker  in  MDA-MB-468  cells. 

•  MIS  and  IFN-y  together  resulted  in  a  synergistic  increase  in  the  fraction  of  cells  in 
early  and  late  stages  of  apoptosis  as  observed  by  enhanced  translocation  of  annexinV 
from  the  inner  surface  of  the  plasma  membrane  to  the  outside,  which  occurs  after 
initiation  of  apoptosis. 
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To  test  the  growth  inhibitory  effect  of  MIS  and  IFN-y  in  vivo,  MDA-MB-468 
xenografts  were  established  by  bilaterally  injecting  4xl06  cells/site  in  50/d  of  DMEM 
subcutaneously  onto  the  dorsal  flanks  of  SCID  mice. 

For  in  vivo  experiments,  IFN-y  and  MIS  doses  are  determined.  10-  lOOng 
rhuIFN-y  were  injected  intraperitoneally  to  the  SCID  animals  and  mIFN-y  to 
C3SV40Tantigen  mice,  5  days  a  week  with  two  treatment  free  days/  for  4  weeks. 

MIS  treatment  (20  ug/  animal  for  5  days  a  week  with  two  treatment  free  days/  for 
4  weeks)  decreased  the  rate  of  mean  volume  gain  of  tumors  established  as  xenografts 
in  SCID  mice  as  compared  to  vehicle  treated  group. 

Administration  of  MIS  to  C(3)SV40Tantigen  mice  with  spontaneous  mammary 
tumors  was  associated  with  a  lower  number  of  palpable  mammary  tumors  compared 
with  vehicle-treated  mice,  and  the  mean  mammary  tumor  weight  in  the  MIS-treated 
group  was  significantly  lower  compared  with  the  control  group. 

rhuIFN-y  (lOng)  reduced  the  net  gain  in  tumor  volumes  as  well  as  tumor  weights 
of  the  MDAMB468  xenografts  in  SCID  mice. 

Adiministration  of  mIFN-y  (lOng  or  lOOng)  per  day  for  5  days  a  week  for  5  weeks 
to  C3SV40Tag  mice  resulted  in  a  decrease  in  net  tumor  weight  and  tumor  volume  in 
these  mice. 

Analysis  of  PCNA  expression  and  caspase-3  cleavage  in  tumors  revealed  that 
exposure  to  MIS  as  well  as  IFN-y  was  associated  with  decreased  proliferation  and 
increased  apoptosis,  respectively,  and  not  due  to  decline  in  T-antigen  expression. 

In  order  to  test  if  combined  administration  of  MIS  and  IFN-y  can  improve  the 
growth  inhibitory  effects  of  IFN-y,  we  injected  20ug  MIS,10ng  mIFN-y  or  a 
combination  of  MIS  and  IFN-y  to  C3SV40Tag  mice  for  4  weeks  and  tumor  weights 
and  volumes  were  measured.  Mice  receiving  both  MIS  and  IFN-y  had  less  mean 
tumor  weights  and  voulumes  as  compared  to  either  treatment  alone.  Thus  these 
results  suggest  that  MIS  may  improve  the  growth  inhibitory  effects  of  IFN-y  and 
possibly  we  can  further  reduce  the  dose  of  IFN-y  in  combination  with  MIS  as  MIS 
does  not  have  any  known  toxic  effects. 


Reportable  outcomes: 

Publications: 

1.  V.  Gupta,  Carey  JL,  Kawakubo  H,  Muzikansky  A,  Green  JE,  Donahoe  PK, 
Maclaughlin  DT,  Maheswaran  S.  Mullerian  inhibiting  substance  suppresses  tumor 
growth  in  the  C3(1)T  antigen  transgenic  mouse  mammary  carcinoma  model. 
Proc.  Natl.  Acad.  Sci  USA,  2005,  102:  3219-3224. 

2.  V.  Gupta,  D.  P.  Harkin,  H.  Kawakubo  and  S.  Maheswaran.  Transforming  growth 
factor-|3  superfamily:  Evaluation  as  breast  cancer  biomarkers  and  preventive 
agents.  Current  Cancer  Drug  Targets,  2004,  4,  1-11. 

3.  Y.  Hoshiya,  V.  Gupta,  H.  Kawakubo,  E.  Brachtel,  J.L. Carey,  L.M.Sasur,  A. 
Scott,  P.K.  Donahoe  and  S.  Maheswaran.  Mullerian  inhibiting  substance  promotes 
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interferon  y  induced  gene  expression  and  apoptosis  in  breast  cancer  cells.  The 
Journal  of  Biological  Chemistry,  2003,  278,  51703-12. 

Presentations: 

1.  Gupta  V,  Carey  JL,  Kawakubo  H,  Muzikansky  A,  Green  JE,  Donahoe  PK, 
Maclaughlin  DT,  Maheswaran  S.  Mullerian  inhibiting  substance  suppresses  tumor 
growth  in  the  C3(1)T  antigen  transgenic  mouse  mammary  carcinoma  model.  Era 
of  Hope,  June  8-  11,  2005,  Philadelphia  Convention  Center,  Philadelphia. 

2.  “MIS  promotes  interferon-y  mediated  apoptosis  of  breast  cancer  cells”. 

V.  Gupta,  Y.  Hoshiya  and  S.  Maheswaran  at  “Molecular  Targets  of  Breast  and 
Prostate  Cancer”  2003  Joint  retreat  for  Programs  of  Cell  Biology,  Breast  cancer 
and  Prostate  cancer  in  the  DF/  HCC. 

3.  “MIS  promotes  IFN-y-induced  gene  expression  and  apoptosis  in  breast  cancer 
cells.  Vandana  Gupta,  Yasunori  Hoshiya,  Hirofumi  Kawakubo,  Elena  Brachtel, 
Jennifer  L.  Carey,  Laura  Sasur,  Andrew  Scott,  Patricia  K.  Donahoe  and  Shyamala 
Maheswaran  at  the  SAC  Poster  2003,  MGH. 

4.  “  Mullerian  Inhibiting  Substance  promotes  interferon  induced  IRF-1  expression 
and  suppression  of  breast  cancer  cell  growth”  V.  Gupta,  Y.  Hoshiya, 
P.K.Donahoe  and  S.  Maheswaran  at  AACR,  Feb.  2004  at  Orlando,  FL. 

Conclusions: 

1.  MIS  and  IFN-y  function  through  distinct  molecular  pathways  in  breast  cancer 
cells. 

2.  MIS  and  IFN-y  induce  IRF1  expression  in  T47D  cells  through  NFkB  and  STAT 
pathway  repectively. 

3.  MIS  mediated  induction  of  IRF1  expression  does  not  require  Smadl 
phosphorylation. 

4.  MIS  and  IFN-y  synergistically  induce  CEACAM1  and  MHC11  expression  in 
T47D  cells. 

5.  MIS  improves  the  growth  inhibitory  effect  of  IFN-y  in  breast  cancer  cells. 

6.  MIS  and  IFN-y  together  resulted  in  a  synergistic  increase  in  the  fraction  of  cells 
undergoing  apoptosis. 

7.  MDA-MB-468  cells  grow  robustly  as  xenografts  in  SCID  mice  when  injected  as 
4xl06  cells/site  in  50/d  of  DMEM  subcutaneously  onto  the  dorsal  flanks. 

8.  MIS  treatment  decreased  the  rate  of  mean  volume  gain  of  tumors  established  as 
xenografts  in  SCID  mice  as  compared  to  vehicle  treated  group. 

9.  Administration  of  MIS  to  C(3)SV40Tantigen  mice  with  spontaneous  mammary 
tumors  was  associated  with  a  lower  number  of  palpable  mammary  tumors  and  the 
mean  mammary  tumor  weight  as  compared  with  the  control  group. 

10.  Interferon  gamma  reduced  the  growth  of  MDA-MB-468  xenografts  in  SCID 
mice. 
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11.  Both  lOng  and  lOOng  mIFNgamma  reduced  the  growth  of  tumors  and  net  tumor 
weight  of  mammary  tumors  in  C3SV40Tag  mice. 

12.  Analysis  of  PCNA  expression  and  caspase-3  cleavage  in  tumors  revealed  that 
exposure  to  either  MIS  or  IFN-y  was  associated  with  decreased  proliferation  and 
increased  apoptosis,  respectively,  and  not  due  to  decline  in  T-antigen  expression. 

13.  To  test  if  MIS  and  IFN-y  can  reduce  the  growth  of  mammary  tumors  better  than 
IFN-y  alone,  mice  with  spontaneously  arising  tumors  (C3SV40Tag)  received  both 
MIS  (20ug)  and  IFN-y  (lOng)  in  combination  or  independently  for  4  weeks.  At 
the  end  of  treatment  mice  receiving  combination  of  MIS  and  IFN-y  had  lesser 
tumor  weights  and  volumes  as  compared  to  either  MIS  or  IFN-y  treated  mice. 
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Mullerian  inhibiting  substance  (MIS)  inhibits  breast  cancer  cell 
growth  in  vitro.  To  extend  the  use  of  MIS  to  treat  breast  cancer,  it 
is  essential  to  test  the  responsiveness  of  mammary  tumor  growth 
to  MIS  rn  srfvo.  Mammary  tumors  arising  in  the  0(1)  T  antigen 
mouse  model  expressed  the  MIS  type  II  receptor,  and  MIS  in  vitro 
inhibited  the  growth  of  cells  derived  from  tumors.  Administration 
of  MIS  to  mice  was  associated  with  a  lower  number  of  palpable 
mammary  tumors  compared  with  vehicle-treated  mice  (P  =  0.043), 
and  the  mean  mammary  tumor  weight  in  the  MtS-trcatcd  group 
was  significantly  lower  compared  with  the  control  group  (P  = 
0.029).  Analysis  of  proliferating  cel  nuclear  antigen  (PQ4A)  expres¬ 
sion  and  caspasc-3  cleavage  in  tumors  revealed  that  exposure  to 
MIS  was  associated  with  decreased  proliferation  and  increased 
apoptosis,  respectively,  and  was  not  caused  by  a  decline  in  T 
antigen  expression  The  effect  of  MIS  on  tumor  growth  was  also 
evaluated  on  xenografted  human  breast  cancer  cel  line  MOA-MB- 
458,  which  »s  estrogen  receptor-  and  retinoblastoma-negative  and 
expresses  mutant  p53.  and  thus  complements  the  C3(i)Tag  mouse 
mammary  tumors  that  do  not  express  estrogen  receptor  and  have 
functional  macbvation  of  rebnobiastoma  and  p53  In  agreement 
with  results  observed  n  the  transgenic  mice.  MIS  decreased  the 
rate  of  MDA-M  8-458  tumor  growth  and  the  gain  in  mean  tumor 
volume  a)  severe  combined  immunodeftoent  mice  compared  with 
vehicle-treated  controls  (P  -  0  004).  These  results  suggest  that  MIS 
can  suppress  the  growth  of  mammary  tumors  in  vivo 

proHention  ■jpootos's  |  unim  virus  40  large  T  artigen 

Mullerian  inhibiting  substance  (MIS)  is  a  member  of  the 
TGF-0  family,  a  class  of  molecule*  that  govern  a  myriad 
of  cellular  processes  including  growth,  differentiation,  ar.d  apo¬ 
ptosis.  Synthesis  of  MIS  demonstrates  a  sexually  dimorphic 
pattern  and  is  produced  by  Sertoli  cells  of  the  Iclal  and  adult 
testis  and  granulosa  eelb  of  the  postnatal  ovary.  In  male 
embryos.  MIS  causes  regression  of  the  Mullerian  duel,  the 
anlagcn  of  the  Fallopian  tubes,  uterus,  and  upper  vagina  (1). 
However,  a  postnatal  role  lor  MIS  in  males  and  females  has  yet 
to  be  defined.  Signaling  by  MIS  is  propagated  by  binding ol  MIS 
to  the  MIS  type  11  receptor,  a  trar.smembranc  serine,  threonine 
kinase  expressed  at  high  levels  in  the  Mullerian  duel.  Sertoli 
cell*,  and  granulosa  cells  of  the  embryonic  and  adult  gonads  and 
in  the  uterus  (2-4).  The  MIS-bound  type  II  receptor  subse¬ 
quently  recruits  a  type  I  receptor.  Aelivm-like  kinase  2  (ALK2). 
ALK3.  and  ALK6  have  been  implicated  in  mediating  MIS 
signaling  in  cells  (5-9). 

We  recently  dcrmmsiralcd  the  presence  of  MIS  receptors 
in  mammary  tissue  and  breast  cancer  cell  Lines,  suggesting  that 
the  mammary  gland  is  a  likely  target  for  MIS  (6.  1U,  1 1).  In  the 
rat  mammary  gland,  expression  of  the  MIS  type  II  receptor  is 
suppressed  during  puberty  when  the  ductal  system  branches  and 
invades  the  adipose  stroma  and  during  massive  expansion  at 
pregnancy  and  lactation,  but  is  up-rcgulalcd  during  involution, 
a  time  of  tissue  regression  (11,  12).  The  decline  in  MIS  type  II 


receptor  expression  during  various  stages  of  postnatal  tnamnury 
growth  suggested  a  growth-suppressive  role  for  MIS  m  the 
mammary  gland.  Consistent  w  ith  this  concept.  MIS  inhibited  the 
growth  of  both  estrogen  receptor -positive  and  negative  breast 
cancer  cells  by  inducing  cell  cycle  arrest  and  apoptosis  (10). 
Moreover,  injection  of  MIS  into  female  mice  induced  apoptosis 
in  the  epithelium  of  mammary  tissue  compared  with  vehicle - 
injected  control  animals  (11). 

To  evaluate  whether  MIS  may  be  useful  ir.  breast  cancer 
therapy,  we  determined  whether  the  growth  inhibitory  effect  of 
MIS  observed  in  vitro  would  be  recapitulated  in  vivo.  Assaying 
the  effect  of  MIS  on  mammary  tumor  models  in  vivo  is  critical 
lor  determining  whether  MIS  could  act  as  an  antitumor  agent  in 
a  milieu  replete  with  several  growth  factors  that  promote  tumor 
growth.  The  C3(l)Tag  transgenic  mouse  model  carries  the 
simian  virus  40 (SV4U)  Urge  I  antigen  targeted  to  the  epithelium 
of  the  mammary  and  prostate  glands.  The  transgenic  female 
mice  spontaneously  develop  atypical  ductal  hyperplasia  by  8 
weeks,  nodular  atypical  hyperplasia  by  12  weeks,  and  invasive 
carcinomas  by  16-2U  weeks.  Disease  prxjgrcssuin  m  this  model 
occurs  within  a  relatively  short  pcriou  and  correlates  well  w  ith 
progressive  stages  of  human  breast  cancer  (13),  and  has  been 
used  ir.  several  studies  to  lest  novel  therapeutic  strategics  on 
various  stages  of  nummary  tumor  progression  (13.  14). 

The  oncogenic  SV40  large  T  antigen-induced  lumongencsis 
involves  functional  inactivation  of  the  tumor  suppressor  genes 
retinoblastoma  (Rb )  and  p53  (15,  16),  and  invasive  carcinomas 
arising  in  this  model  arc  estrogen -independent.  Mutations  in  Rh 
arc  prevalent  in  20%  of  human  breast  cancers  and  pSJ  muta¬ 
tion*/ alterations  arc  delected  in  —50%  of  primary  human  breast 
tumors  (17,  18).  suggesting  that  inactivation  of  these  two  tumor 
suppressors  may  be  critical  in  human  breast  lumongencsis.  T  he 
estrogen  receptor -negative  human  breast  cancer  cell  line  MDA- 
MB-468  is  Rb  negative,  harbors  mutant  p53,  overexpresses  the 
EGF  receptor  (19),  and  is  highly  responsive  to  MIS  treatment  in 
vitro  (20).  Thus  testing  the  efficacy  of  MIS  in  severe  combined 
immunodefieicnt  (SC TIT)  mice  bearing  MITA-MB-468  tumors 
would  validate  the  antitumor  studies  in  the  C3(1)Tag  model  (or 
spontaneous  mammary  carcinoma.  In  this  study,  we  evaluated 
whether  MIS  can  inhibit  the  growth  of  mammary  tumors  in  the 
C3{1  )T  ag  model  as  well  as  MDA-MB-468  xenografts  established 
in  SC.TIT  mice.  Our  results  demonstrate  that  MIS  suppresses 
the  growth  of  mammary  tumors  in  vivo  in  both  experimental 
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were  grown  in  DMEM  supplemented  wilh  IDT  female  FES. 
glutamine,  and  penicillin/ slrcplom  vein.  To  measure  inhibition 
of  M6  cell  proliferation  by  MIS.  cells  were  plated  in  a  24-well 
plate  at  a  density  o(  2.51)0  cells  per  well  and  treated  with  1, 5,  and 
10  jig/ml  of  MIS  for  4  days.  Cell  numbers  were  quantified  by 
using  a  hcmocylomcler.  Recombinant  human  MIS  was  immu- 
noallimly -purified  from  CHO  cells  translceted  with  the  human 
MIS  gene  (21)  followed  by  desalting  and  concentration  by 
ccnlrtcor.  (Milliporc)  and  quantiltcalion  by  the  BioKad  method. 

Antibodies  and  Western  Blot  Analyses.  The  rabbit  MIS  type  11 
receptor  antibody  has  been  described  (22).  The  anti-SV4U  large 
Tag  antibody  was  purchased  from  l’harmingcn,  and  the  anti 
cleaved  caspasc-3  antibody  was  Irom  C  ell  Signaling  Technology. 
Beverly,  MA.  Western  analysis  was  performed  as  described  (23). 

Animal  Studies.  C3(1)T*g  Mice.  All  animals  were  eared  lor  and 
experiments  were  performed  at  Iltc  Wellman  Animal  Facility. 
Massachusetts  General  Hospital  under  American  Association 
fur  Laboratory  Animal  Science  guidelines  using  protocols  ap¬ 
proved  by  the  Institutional  Review  Board- Institutional  Animal 
Care  and  Use  Committee  of  the  Massachusetts  General  Hospi¬ 
tal.  A  pair  of  young  homozygous  male  and  female  C3(  1 ) Tag  mice 
were  used  to  build  a  mouse  colony.  Twenty -five  l(Fweek-old 
female  mice  (consisting  of  seven  separate  litters  born  2  3  days 
apart)  were  randomized  into  two  groups  to  receive  TBS  (vehicle 
control.  13  animals)  and  21)  jig  ol  MIS  per  animal  per  day  (12 
animals)  by  i.p.  injections.  Animals  were  injected  for  3  days  with 
2  days  of  treatment-free  interval  for  6  weeks.  Mice  were  mon¬ 
itored  daily  (or  evidence  of  toxicity  and  found  to  be  healthy  and 
active  during  the  entire  course  ol  treatment.  None  ol  the  animals 
had  externally  visible  tumors  at  the  commencement  of  treat¬ 
ment.  Three  weeks  alter  treatment  began  palpable  tumors 
emerged  in  some  animals.  At  the  end  ol  the  experiment,  animals 
were  killed,  and  tumors  were  excised,  weighed,  and  snap-frozen 
or  fixed  lor  histologic  and  biochemical  evaluation. 

MIS  ELISA  (24)  to  determine  MIS  concentration  in  blood 
collected  from  mice  at  the  end  of  the  experiment  was  analyzed 
in  duplicate  at  six  serial  dilutions  by  using  a  standard  curve 
constructed  with  lour-parametcr  logistical  curve  lilting  Delta- 
Soft  II  (BioMclallics.  Princeton,  NJ).  Assay  sensitivity  was  U.5 
ng/ ml:  and  the  ir.lraassay  and  mtcrassay  coefficients  of  variation 
were  9%  and  15%  respectively.  The  ELJSA  did  not  recognize 
luteinizing  hormone,  follicle -stimulating  hormone,  activin.  in¬ 
hibit!,  TOF-0,  or  bovine  or  rodent  MIS. 

SOO  mice.  MDA-MB-46S  xenografts  were  established  by  bilater¬ 
ally  injecting  4  X  1(1*  cells  per  site  in  50  ^1  of  DMEM  s.c.  into 
the  dorsal  flanks  ol  106-wcck-old  female  SCID  mice  maintained 
in  the  Edwin  L.  Stelle  Laboratory  for  Tumor  Biology.  Boston. 
Mice  were  car-tagged  to  monitor  the  kinetics  of  tumor  growth 
at  each  site.  After  —4  weeks  palpable  tumors  were  observed  in 
K  of  10  animals.  Some  developed  tumors  bilaterally  (7/10). 
whereas  another  had  just  one  tumor  (1/10).  The  eight  animals 
with  palpable  tumors  were  divided  randomly  into  two  treatment 
groups.  The  PBS-Ircalcd  group  had  lour  animals,  three  of  which 
had  two  tumors  and  one  of  which  had  one  tumor.  The  MIS 
treatment  group  had  four  animals,  each  of  which  had  two 
tumors. 

Treatment  of  both  groups  began  at  the  same  time.  The  tumor 
volumes  in  the  animals  m  the  two  groups  w  ere  comparable.  Mice 
were  injected  daily  i.p.  with  PBS  (1IX)  /il)  or  21)  jtg  MIS  per 
animal  lor  5  days  a  week  with  a  treatment-free  interval  of  2  days, 
t  umors  were  measured  by  using  calipers  just  before  treatment 
began  and  at  regular  intervals  throughout  the  treatment  period. 
Volume  was  calculated  as  /.  X  IFC  (/.,  length:  W.  width).  Serum 
MIS  eoneentratum  was  measured  at  the  end  of  the  experiment 
by  M1S-EIJSA. 


Serum  MIS  Measurement.  BUxkI  was  collected  by  cardiac  puncture 
Irom  PBS-  and  MIS-Ircalcd  mice  and  placed  in  1.5-ml  mxrro- 
ccnlrifugc  tubes  to  facilitate  dot  formation.  The  clots  were 
centrifuged,  and  serum  was  removed  to  measure  scrum  MIS 
conccnlralxxis  as  described  (25). 

Statistical  Analyses.  The  number  of  measurable  tumors  ir.  each 
group  on  the  last  day  of  treatment  was  compared  by  using 
one-sided  Fishers  exact  lest.  Differences  were  considered  to  be 
significant  when  P  <  U.U5. 

’The  mean  tumor  weights  at  the  end  of  the  experiment  in  PBS- 
and  MIS-trcalcd  C3(l)Tag  mice  were  compared  by  using  the 
Kruskal-Wallis  test,  and  differences  were  considered  to  be 
significant  when  P  <  0.U5. 

Because  each  mouse  is  an  experimental  unit  our  calculations 
arc  based  on  total  tumor  volume  per  animal.  In  MDA-MB-463 
tumor-bearing  SCID  mice,  tumor  volumes  were  comparable 
between  sties  and  were  summed  to  obtain  total  tumor  volume 
per  animal.  The  gam  in  tumor  volume  per  mouse,  at  the  end  of 
the  experiment,  was  calculated  as  (tumor  volume;  ,„,i  tumor 
vulumci  him]  -r  tumor  volume  Statistical  analysis  was  per¬ 

formed  by  using  two-sided  Student's  f  test.  Differences  were 
considered  to  be  significant  when  P  <  0.U5. 

Irrmunohistochcrrical  Analyses.  Tissues  were  fixed  in  formalin  and 
embedded  in  parallin.  Sections  of  5 -jz  thickness  were  stained 
with  hematoxylin  and  cosin.  To  detect  apoptosis,  sections  were 
immunostamed  with  Cleaved  Caspase-3  antibody  (Asp- 175,  Cell 
Signaling  Technology)  according  to  the  manufacturer’s  instruc¬ 
tions.  Briefly,  sections  were  dcparallim/cd,  treated  with  citrate 
buffer  at  subbotltng  temperature  to  retrieve  antigen,  and  cooled, 
and  peroxidase  quench  was  added.  Ihe  slides  were  washed  and 
blocked,  and  primary  antibody  was  added  and  incubated  over¬ 
night.  After  washing  three  limes,  slides  were  incubated  with 
secondary  antibody  lor  30  min.  and  Avtdm  Biotin  solution  was 
added.  Color  was  developed  with  substrate  chromagcr.,  and 
sections  were  eounterstained  with  hematoxylin. 

Proliferation  in  tumors  was  assessed  by  staining  sections  w  ith 
the  proliferating  cell  nuclear  antigen  (PCNA)  staining  kit 
(Zvmcd).  Sections  were  treated  with  hydrogen  peroxide  to 
inhibit  endogenous  peroxidase,  and  antigen  was  retrieved  by 
microwaving  the  samples  m  citrate  buffer.  Slides  were  stained 
with  a  biotinylated  PCNA  mAh  (clone  PC.’IO)  followed  by 
slrcplavidin-pcroxida.se  as  a  signal  generator  and  dtaminuben- 
zidme  as  chromogcn.  Sections  were  eounterstained  with 
hematoxylin. 

Result! 

MIS  Inhibits  thf  in  Vitro  Growth  of  CMIt  Established  from  Mammary 
Tumors  Arising  in  C3(1|Tag  Mice.  We  had  demonstrated  that  MIS 
inhibits  the  growth  ol  breast  cancer  cells i/i  .tiro  (ID).  To  conlirm 
these  observations  in  mo,  the  effect  of  MIS  <»:  the  growth  of 
mammary  tumors  ir.  the  C.*3(  1  )Tag  mice  was  tested.  Western  blot 
analysis  ol  proteins  isolated  Irom  mammary  tumors  in  the 
C3(l)Tag  miee  demonstrated  the  expression  of  MIS  type  II 
receptor.  Proteins  extracted  from  vector  and  MIS  type  II  recep¬ 
tor -translceted  COS  cells  were  used  as  negative  and  positive 
controls,  respectively  (Fig.  L4). 

Before  testing  the  e fleet  of  MIS  on  mammary  tumor  growth 
tn  vivo,  we  first  determined  whether  MIS  could  inhibit  the  in  \ilro 
growth  of  M6  cells  established  from  G3(l)Tag  mouse  tumors. 
M6  cells  were  treated  with  1,5,  and  10  jag.  ml  ol  MIS  for  4  days, 
and  cell  numbers  were  quantified.  As  shown  in  Fig.  1 H.  MIS 
inhibited  the  growth  of  M6  cells  by  51%,  74%,  and  86%, 
respectively  ( P  <  (J.UU1  by  two-sided  Student's  t  lest),  suggesting 
that  these  mammary  tumor  cells  arc  responsive  to  the  growth 
inhibitory  effects  ol  MIS.  Consistent  with  this  observation. 
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F»9  1  MS  inhbits  M6  cell  growth  «V>  *itro.  14}  M  S  type  receptor  expreuiors 
in  C3;i|Tag  mouse  mammary  tumors.  Total  protein  from  tumors  was  analyzed 
by  Western  blot  bntrarisfocted  and  Mistype  I  receptor  transfected  COS  celts 
were  used  as  negat  ve  and  oositr.c  controls,  respectively  Position  of  the  MIS 
type  II  receptor  protein  is  shown.  (fl}  Equa  numbers  of  M4  cells  were  treated 
with  ncreasirg  concentrat  ons  of  MIS  The  number  of  cells  in  each  well  after 
4  days  of  MIS  treatment  and  a  representative  view  of  the  wells  is  shown. 


slanting  Ihc  cells  lux  PCNA  demonstrated  that  MIS  suppressed 
the  proliferation  of  M6  cells  in  culture  (data  not  shown). 

MIS  Inhibits  the  Growth  of  Spontaneously  Arising  Mammary  Tumors 
in  Cl(1)Tag  Mice  in  Vivo.  Two  groups  of  KJ-wcck-oid  mice  were 
injected  with  cither  PUS  or  2U  p.g  of  MIS  daily  lor  5  days  with 
2  days  of  Ircalmcnl-frce  interval  for  six  cycles.  Ihc  PUS-  and  the 
MIS-injected  groups  consisted  of  13  and  12  mice,  respectively, 
hxtcrnally  palpable  tumors  were  not  observed  ir.  any  of  the 
animals  at  the  commencement  of  treatment.  One  mouse  m  the 
MIS  group  was  removed  from  the  experiment  within  a  week  of 
treatment  because  of  a  large  nonmammary  tumor,  which  caused 
discomfort  to  the  animal,  hxcepl  for  this  animal,  there  was 
neither  weight  hiss  nor  any  other  discernible  adverse  effects  ir. 
the  animals  within  the  two  groups. 

During  the  course  of  treatment,  10  animals  ir.  the  PUS- treated 
group  and  6  animals  in  the  MIS- injected  group  developed 
externally  palpable  tumors.  Of  the  10  animals  that  developed 
palpable  tumors  in  the  PHS-injccted  group,  7  presented  with 
tumors  on  day  28,  1  on  day  32.  1  on  day  37,  and  another  on  day 
42  of  treatment.  At  death,  an  additional  lwx>  animals  tn  this  group 
were  found  to  have  measurable  tumors  m  their  mammary  gland 
In  the  MlS-lrcatcd  group,  two  animals  presented  with  externally 
palpable  tumors  on  day  28  of  treatment.  «»ic  presented  on  day- 
32.  and  an  additional  three  animals  presented  w  ith  tumors  on  day- 
42.  Interestingly  the  animals  ir.  this  group,  which  did  not  present 
with  externally  palpable  tumors,  did  not  have  any  large  tumor 
masses  at  death.  These  results  indicate  that  by  42  days  of 
treatment  MIS  exposure  is  associated  with  animals  having  fewer 
palpable  tumors  (Fig.  2A;  /J  <  0.1)48  by  one -sided  Fisher's  Hxacl 
KMt) 

At  the  end  of  the  experiment,  animals  were  killed  and  tumors 
were  excised  and  w  eighed.  The  tumor  weights  in  the  PUS-lrcaled 
control  animals  ranged  from  U.U8  to  4.63  mg  with  a  mean  tumor 
weight  of  0.71  mg  and  a  median  of  0.38  mg.  The  tumor  weights 
in  the  MIS  treated  animals  ranged  from  0117  to  0.64  mg  with  a 
mean  weight  of  0.16  mg  and  a  median  of  0.10  mg.  Ihc  lowest 
tumor  (0.07  mg)  in  this  group  represents  the  total  weight  of 
micronodulcs  of  tumor  that  could  not  be  excised  free  of  normal 
tissue.  Ihc  mean  tumor  weight  in  animals  was  significantly  lower 
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Fig.  2.  MIStrcatrY.wit  ri  associated  with  a  decrease  nthc  number  of  palpable 
tumors  in  animals.  <A|  Ten  week  o«d  C3<  t  (Tag  mice  were  rejected  with  either 
P3S(n-  13)orMSV>  Ml,  ar>d  animals  were  moriflored  fev  palpable  tumors. 
The  9'aph  shows  the  percentage  or  annuls  with  measurable  tumors  in  each 
group  vs.  the  days  of  treatment.  On  the  42rtd  day  after  treatment,  the  total 
number  of  measurable  tumors  was  lower  in  the  MIS  group  compared  with  the 
P3S  group  P  <  0.05  by  orte  sided  Fisher's  Exact  test  (£)  At  the  end  of 
the  cxocr  merit,  animals  were  killed,  and  tumors  were  cached  and  weghed 
The  tumor  weight  m  each  animal  is  g  ven.  TNM  (tumor  not  measuraole) 
represents  anmas  in  which  tumors  could  not  be  detected  by  palpaton  The 
graph  shows  the  mean  tumor  weight  ±  standard  error  in  the  PBS  and 
MIS  injected  groups.  (Q  Proteins  extracted  from  tumors  in  PBS  and  MIS- 
treated  arvmals  were  immunobotted  with  an  anti  SV40~ag  antibody  The 
posit  on  of  the  5V40  Urge  T  antigen  is  shown. 


in  Ihc  MIS-trcalcd  group  compared  with  controls  (Fig.  2H:  /* 
(1.029  by  Kruskal- Wallis  lest).  The  statistical  analysis  was  re¬ 
peated  excluding  the  largest  tumor  (4.627  mg)  present  in  a  mouse 
in  the  PBS-trcalcd  group  and  indicated  that  the  difference  in 
tumor  weights  between  the  lwx>  groups  was  still  significant  (/*  - 
0.048).  To  ensure  that  the  decrease  in  tumor  growth  in  the 
.MIS-lreated  animals  was  not  caused  by  suppression  of  SV40  T 
antigen  in  tumors,  tumor  samples  from  PBS-  and  MIS-trcalcd 
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»«g  3  MIS  decrease*  prolrfcr«<iofV«nd  increases  apoptoss  nrrarmary  tumors  (A)Her\ato4r)4inanoeo*-nsta>rtngof  palpable  marrenery  tumor*  excised  from 
tne  MIS-  and  PSS-treated  animals  Histology  of  a  representative  tumor  *  jKwn  <8}  Histological  arva  y*r*  of  the  mammary  glands  of  MIS-treated  n*ce.  wnich  did 
rot  present  witn  pa  pable  tumors  The  Kgnermagr  ficatiorst/ruefsldensonitrateregior'aof  atypical  hyperplasialArghOardmammary  ntraepthelialreoplasa 
ttower  leffl  tO  PCNA  express  on  n  tumor*  resected  'rom  *fS-  ano  M  5-treateO  mice.  A  representative  tumor  'rom  each  group  s  shewn.  (P)  Caspase- 3  cleavage 
in  P8S-  ard  MIS-treated  turners  {6  and  cl  Tumors  from  two  PUS-treated  animals  (a  and  <fi  Higher  magnificat  on*  of  b  and  c  fmeCs  are  snow  in  a  and  d. 
respect  vehr  Ar»cwne*ds  show  ce->*  positive  'or  caspase-)  cleavage  (fandgl  Turnon  f»om  two  MIS-treated  animals  Ce  and  hi  Mighe*  rsagnifxationsof  /  and 
g  fnsets  are  shown  m  e  and  h.  respectively .  (0  Prote<ns  extracted  from  H3S-  and  MIS-treated  tumors  were  analyzed  try  Western  b>ot  using  an  ant  body  agansi 
cleaved  caspase-3 


mice  were  analyzed  by  Western  blot.  As  demonstrated  in  Fig,  2 C. 
MIS  treatment  did  not  alter  Ike  expression  of  SV-4U  I  antigen  ir. 
tumors. 

MIS  Suppreutf  Proliferation  ard  Induces  Apoptosis  In  Mammary 
Tumors  in  Vivo.  Both  I*BS-  ar.d  MIS-treated  animals  with  grimly 
palpable  tumors  had  well  developed  invasive  adenocarcinomas 
(Fig.  3vf).  Histological  evaluation  of  tissues  demonstrated  that 
the  mammary  glands  of  MIS-treated  animals  that  did  r.ot  have 
externally  palpable  tumors  had  r.odular  atypical  hyperplasia 
and  mammary  intraepithelial  neoplasia,  m  which  neoplastic 
cells  filled  the  lumens  of  the  duct,  but  did  not  present  with 
invasive  carcinomas  (Fig.  3/f).  To  determine  whether  suppres- 
sion/dclay  in  mammary  tumors  observed  in  MIS-treated  mice 
was  caused  by  decreased  proliferation  and/or  increased  apo- 

U27  wwwpnasorg  eg*  -dor/IOiW*  pnas  tHO9?09l« 


ptosis  compared  with  that  observed  m  FBS-lxcatcd  controls, 
tumors  were  stained  with  antibodies  against  PCNA,  a  marker 
of  proliferation,  and  cleaved  Caspase-3,  a  marker  of  early-stagc 
apoptosis,  The  extent  of  Pt.’NA  staining  m  the  mammary 
adenocarcinomas  resected  from  FBS-lrcatcd  animals  was  uni¬ 
form  throughout  the  tumors,  whereas  the  MIS-lrealcd  adeno¬ 
carcinomas  demonstrated  Ft ’N A- positive  regions  interspersed 
with  PCNA- negative  patches  (Fig.  3 C).  The  nodular  atypical 
hyperplasia  and  mammary  intraepithelial  neoplasia  in  the 
mammary  glands  of  MIS-treated  mice  also  demonstrated 
patchy  P(!NA  staining.  These  results  indicate  that  mammary 
tumors  exposed  to  MIS  undergo  less  proliferation  compared 
with  those  in  PBS-lrcalcd  controls. 

Staining  the  tumors  for  activated  caspase-3  revealed  a  marked 
increase  in  the  number  of  apoptotic  cells  ir.  the  MlS-lrcatcd 
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Fig.  4.  MIS  decrease!  the  growth  oi  MDA  MB  468  tumor  nerografts  estat> 
listed  m  SCO  mice.  (4)  MDA  MB  468  tumor  merografts  «vere  established  n 
mice  Animals  with  pa  pable  tumors  were  treated  wth  PBS  (r>  -  4}  or  MIS  (n 
41.  and  tumor  volumes  were  measured  The  graohs  demonstrate  charg«  r> 
total  tumor  volume  m  each  ammaf  dunrg  the  course  of  treatment  n  the  two 
grouos  The  thick  ie>e  represents  the  mean  gain  in  tumor  volume  and  the 
hatched  line  represents  the  trend  line  derived  *rom  the  means,  assuming  that 
tumor  growth  s  exponential,  (fl)  The  rates  of  tumor  growth  wrthn  the  two 
groups  were  calculated  bated  on  the  equations  deri%ed  from  trend  lines.  {Q 
The  mean  of  the  gam  in  tumor  volume  in  each  g^oup  i  standard  error  is 
shown,  the  gam  in  the  MS  treated  group  was  significantly  different  from  the 
PBS  t'eated  grouo  IP  <  O.OOS  by  two  sided  Student's  t  test). 


tumor*  compared  with  PBS-injcctcd  controls  (Fig-  3 D).  suggest¬ 
ing  that  exposure  in  MIS  induces  apoptosis  in  the  mammary 
tumors  tn  vivo.  I  hi*  idea  was  also  confirmed  by  immunoblotlmg 
tumor  proteins  lor  cleaved  cospa.sc -3  (Fig.  3F  ). 

MIS  Suppresses  MDA-MB-4b8  Tumor  Growth  in  SCIO  Mice.  The  human 
breast  cancer  cell  line  MDA-MB-468  is  estrogen  receptor- 
negative  and  /fb-ncgativc  and  harbors  mutant  p53.  MIS  inhibits 
the  growth  of  MDA-MB-468  cells  in  vitro.  To  validate  and 
confirm  the  relevance  of  the  results  obtained  ir.  transgenic  mice, 
we  tested  the  growth  inhibitory  effects  of  MIS  on  MDA-MB-468 
xenografts  established  in  SC1D  mice.  This  experimental  system 
closely  complements  the  C3(l)Tag  mouse  mammary  tumor 
model  in  whx*h  the  tumors  arc  estrogen-independent  (13)  and 
arise  because  of  functional  inactivation  of  Rb  and  p53  by  the 
oncogenic  T  antigen  (15,  16). 

MDA-MB-468  xenografts  were  grown  s.c.  and  bilaterally  ir. 
the  dorsal  flanks  of  6-wcck-old  female  SOD  mice.  Alter  —4 
weeks,  the  eight  animals  with  palpable  tumors  were  randomized 
into  two  groups  with  four  animals  in  the  PBS  control  group  and 
four  mice  in  the  MIS  treatment  group.  Both  groups  were  treated 
at  the  same  time  with  cither  PBS  or  20  fig  MIS  per  animal  for 
5  days  a  week  with  a  treatment-free  interval  of  2  days  for  4  weeks. 
Volume  was  calculated  as/.  X  W1  (/..  length;  I*',  width)  at  regular 
intervals  (Fig.  4 A).  Analysis  of  the  rale  of  mean  growth  during 
the  treatment  demonstrated  that  tumors  in  the  PBS  group  were 
growing  more  rapidly  compared  with  tumors  m  the  MIS-trcated 
group  (Fig.  AO).  I  he  gain  in  tumor  volume  over  the  course  of 
treatment  was  calculated  as  volume  at  the  end  of  treatment 
volume  at  the  beginning  of  treatment /volume  at  the  begmnmg 
of  treatment.  The  PBS  group  had  a  higher  gam  in  tumor  volume 


than  the  MIS  group  (Fig.  AC;  /*  -  O.LKH  by  two-tailed  Student's 

Discussion 

The  presence  of  MIS  ir.  the  serum  well  after  regression  and 
differentiation  of  the  Mullerian  duct  in  males  and  females, 
respectively,  (24,  26)  suggests  that  MIS  may  have  a  postnatal  role 
in  adults.  Moreover,  the  expression  of  MIS  receptors  in  r.or.go- 
nadal  tissues  such  as  the  mammary  and  prostate  glands  (10-12, 
27)  suggests  additional  functions  for  this  hormone  beside*  the 
induction  of  apoptotx'  regression  of  the  Mullerian  dud.  Wc  had 
demonstrated  that  MIS  inhibits  breast  cancer  cell  growth  in  vitro 
by  preventing  cell  cycle  progression  and  inducing  apoptosis  (10). 
In  this  article,  using  two  in  vivo  model  systems,  we  demonstrate 
that  administration  of  MIS  suppresses  mammary  tumor  growth 
in  mice.  Wc  had  previously  injected  a  single  dose  of  10U  fig  of 
MIS  into  female  mice  and  tested  the  induction  of  IEX-1,  a 
MIS- inducible  gene,  in  the  mammary  glands  of  mice.  These 
results  demonstrated  that  MIS  at  this  high  dose  could  induce  the 
expression  of  lt.X-1  (11).  Subsequently.  Stephen  el  a!.  (28), 
tested  the  efficacy  of  MIS  against  ovarian  cancer  cell  lines  m  vwo 
and  reported  that  daily  mjedions  of  10  jxg  of  purified  exogenous 
recombinant  human  MIS  suppressed  tumor  growth  ir.  immune- 
suppressed  mice.  Based  on  these  results  a  comparable  dose  of 
MIS  (2U  fig  per  animal  per  day)  was  used  ir.  these  experiments. 

In  the  C3(l)Iag  model,  fewer  animals  in  the  MIS-trcalcd 
group  developed  palpable  tumors  compared  with  PBS  injected 
controls.  Although  the  measurable  tumors  in  both  groups  pro¬ 
gressed  to  adenocarcinomas,  histological  analyses  of  tumors 
indicated  that  tumors  in  the  MIS  treated  group  were  less  dense 
compared  w  ith  those  ir.  the  PBS  treated  group.  This  observation 
is  consistent  with  the  remarkable  increase  in  apoptosis  and 
curtailed  proliferation  in  MIS-trcalcd  tumors  compared  with  the 
PBS- injected  controls.  The  presence  of  nodular  atypical  hyper¬ 
plasia  and  mammary  intraepithelial  neoplasia  in  the  MIS  treated 
mice  that  did  not  present  with  palpable  tumors  suggest*  that  MIS 
may  not  block  neoplastic  transformation  by  the  SV40  large 
tumor  antigen  but  suppresses  or  delays  tumor  progression, 
resulting  in  the  overall  delay  m  the  appearance  of  palpable 
tumors  in  the  MIS-trcated  group. 

This  concept  is  further  supported  by  the  results  observed  in  the 
MD-MB-468  xenograft  model,  in  which  administering  MIS  to 
animals  with  established  tumors  decreased  the  rate  of  tumor 
growth  compared  with  vehicle -treated  controls.  Although  the 
mean  tumor  weight  at  the  end  of  the  experiment  was  higher  in 
the  PBS  group  than  in  the  MIS  group  (0.51  vs.  0_33  mg),  this 
difference  was  not  statistically  significant  (/J  -  0.13  by  two-sided 
Student's  t  lest).  This  finding  was  surprising  given  that  the  gain 
in  mean  tumor  volume  during  the  course  of  the  experiment  was 
significantly  higher  in  the  PB.S-lrealcd  animals  (/*  <  0.004 j  than 
in  the  MIS  treated  mice.  However,  this  result  could  reflect 
variations  in  initial  tumor  weights,  which  could  not  be  measured. 

The  ability  of  MIS  to  inhibit  MDA-MB-468  tumor  growth  in 
SCTD  mice  is  likely  to  occur  directly  at  the  cellular  level  because 
SOD*  harbor  a  mutation  that  severely  impairs  the  development 
of  T  and  H  lymphocytes  and  MIS  can  inhibit  MDA-MB-468  cell 
growth  in  vitro.  Although  MIS  has  no  known  immune  modula¬ 
tory  effects,  whether  its  inhibitory  effect  on  mammary  tumors 
arising  in  the  immune-competent  transgenic  mouse  model  in¬ 
volve*  enhancement  of  host  immune  function  remains  to  be 
determined.  Wc  recently  demonstrated  that  MIS  signaling  in¬ 
tersect*  with  the  IFN-y  pathw  ay  and  enhances  IFN-y  induced 
expression  of  downstream  target  genes  such  a*  IRE  I  and 
CEACAMl .  Furthermore,  a  combination  of  MIS  and  IFN-y  led 
to  a  greater  degree  ill  grow  th  inhibition  of  breast  cancer  cell* 
compared  with  either  agent  alone  because  of  enhanced  apopto¬ 
sis  rather  than  a  combinatorial  effect  on  cell  cycle  progression 
(20).  The  C3(l)  l  ag  mice  wxmld  provide  an  excellent  expenmen- 
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Thin  report  demonstrates  that  in  addition  to  interfer¬ 
ons  und  cytokines,  members  of  the  TdVp  superfamily 
such  as  Mulleriun  inhibiting  substance  (MISi  und  uc- 
tivin  A  also  regulate  IKF-1  expression,  MIS  induced 
IKF-1  expression  in  the  mammary  glands  of  mice  in  vivo 
und  in  breast  cancer  cells  in  vitro  and  stimulation  of 
IRF-1  by  MIS  was  dependent  on  activation  of  the  NFkB 
pathway.  In  the  rat  mammary-  gland.  IRF-1  expression 
gradually  decreased  during  pregnancy  and  lactation 
but  increased  at  involution.  In  breast  cancer,  the  IRF-1 
protein  was  absent  in  13G  of  tumors  tested  compared 
with  matched  normal  glands.  Consistent  with  its  growth 
suppressive  activity,  expression  of  IRF-1  in  breast  cun- 
cer  cells  induced  apoptosis.  Treatment  of  breast  cancer 
cells  with  MIS  und  interferon  y  (IFN-yl  co-stimulated 
IRF-1  and  CEACAM1  expression  and  synergistic  induc¬ 
tion  of  CEACAM1  by  a  combination  of  MIS  and  IFN-y 
was  impaired  by  antisense  IRF-1  expression.  Further¬ 
more.  a  combination  of  IFN-y  and  MIS  inhibited  the 
growth  of  breast  cancer  cells  to  a  greater  extent  than 
either  one  alone.  Both  reagents  ulone  significantly  de¬ 
creased  the  fraction  of  cells  in  the  S-phuse  of  the  cell 
cycle,  an  effect  not  enhanced  when  they  were  used  in 
combination.  However,  MIS  promoted  IFN-y-induced 
apoptosis  demonstrating  a  functional  interaction  be¬ 
tween  these  two  clusses  of  signaling  molecules  in  regu¬ 
lation  of  breast  cancer  cell  growth. 


Mullerian  Inhibiting  Substance  'MIS l* 1  is  a  member  of  the 
TGFjJ  family,  a  class  of  molecules  that  regulates  growth,  dif 
ferent ration,  and  apoptosis  in  many  cell  types.  In  the  mule 
embryo,  MIS  causes  regression  of  the  Mullerian  duct,  the  an 
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lagen  of  the  Fallopian  tubes,  uterus,  and  the  upper  vagina  111. 
However,  a  postnatal  role  for  MIS  in  males  and  females  has  yet 
to  be  clearly  defined.  MIS  receptor  mKNA  in  the  mammary 
gland  significantly  diminishes  during  puberty  when  the  ductal 
system  branches  and  invades  the  adipose  stroma  and  during 
the  expansive  growth  at  pregnancy  and  lactation,  but  is  up- 
regulated  during  involution,  a  time  of  regression  and  apoptosis 
(2,  3i.  The  inverse  correlation  between  MIS  type  11  receptor 
express xin  and  various  stages  of  mammary  growth  suggests 
that  MIS  mediated  signaling  may  exert  an  inhibitory  effect  on 
mammary  gland  growth.  Consistent  with  this  concept.  MIS 
inhibited  the  growth  of  both  estrogen  receptor  •  EK -positive 
and  negative  breast  cancer  cells  by  inducing  cell  cycle  arrest 
and  apoptosis  <4>. 

Type  1  (IFN-a  and  IFN  j!'  mid  type  II  <IFN-yi  interferons  are 
a  family  of  antiviral  cytokines  that  exhibit  immunomodulatory 
and  anti  proliferative  effects  (S).  The  antitumor  effects  of  cyto¬ 
kines  such  as  interleukin- 12,  in  murine  mammary  carcinogen¬ 
esis  models  correlate  with  high  levels  of  scrum  IFN-y  <6  12>. 
IFN-y  induced  tumor  regression  results  from  immune  surveil 
lance  of  tumor  cells  and  from  direct  cytotoxic  effects  113-171, 
which  ore  evident  from  its  ability  to  inhibit  the  growth  of 
several  tumor  derived  cell  lines  <  18.  19 1  including  breast  cancer 
cells  <20  22 1.  Intralcsional  injections  of  IFN  a  and  IFN  y  into 
breast  cancer  patients  with  skin  recurrences  resulted  in  either 
complete  or  partial  regression  of  the  skin  lesions  but  was  as¬ 
sociated  with  clinical  toxicity  in  all  patients  <23 1.  Thus  identi¬ 
fication  of  molecules  that  enhance  the  antitumor  effects  of 
IFN-y  may  render  it  effective  at  lower  doses,  reduce  clinical 
toxicity  associated  with  high  concentrations  of  the  drug,  and 
expand  their  therapeutic  applications. 

IFN-y-induced  growth  inhibition  requires  coordinate  expres¬ 
sion  of  specific  genes.  Interferon  regulatory  factor- 1  <IKF  ll  is 
robustly  induced  by  both  type  1  and  type  11  interferons.  In 
addition  to  its  important  role  in  innate  and  adaptive  immunity 
•  24’,  IKF-1  also  plav*  a  role  in  regulating  the  growth  of  differ 
ent  mammalian  cell  lines  i25>.  Different  aspects  of  the  tumor 
suppressor  function  of  IKF- 1  may  be  explained,  at  least  in  part, 
by  the  observation  that  it  induces  several  growth  regulatory 
genes  including  those  with  anti -proliferative  activity  such  as 
IVNaffi,  p21,  and  the  cell  adhesion  molecule  CEACAMl  icarci 
noembryame  antigen  related  cell  adhesion  molecule'  •  25 •. 

Using  DXA  microarravs  to  profile  gene  expression,  wc  iden 
tilled  that  treatment  of  breast  cancer  cells  with  MIS  strongly 
induces  the  expression  of  IKF  1  Since  interferons  also  strongly 
induce  IKF  1  t  IS  i,  we  tested  whether  intersection  of  MIS  and 


u muni.  FITt*.  fluoriSiuln  Isathiacyanatu.  CEACAMl,  cur<irto»-mbrv«riic 
antigen-related  cell  adhesion  molecule.  EST.  expressed  sequence  tag. 
PBS.  pbufphutw-buffurwd  snhnu;  ELISA.  uiuynM--link«d  unmunaiui  - 
bent  assay. 


51703 


26 


MIS  Promotes  INF •  y  Effects 


51705 


Fw  1  Induction  of  IRF-I  by  mem- 
Im  i  uf  the  TGF/J  iu|M.'rfamU>'.  ^  Mis 

induce*  IRF-1  in  estrogen  rrcejrtcc-prmi- 
tav«  And  -iwgativ*  bri'Ait  luiuvr  evil  Unu* 
l,fpptr  panel* ,  T-I7D  nnd  MDA*NIMtt 
edb  m  n  d  i  id  d  -•  tth  16  dm  .  hXflS  6 
indicated  prnod?  of  time,  nnd  7.5  tig  of 
total  RNA  wa*  Analvtad  bv  Northern  blot 
using  a  human  IRF-1  pmbe  Lsxvrr  lefl 
panel,  toUl  cvllulur  proCuin  lv*utu*  <100 
pg  harvest  «f  from  T47D  cells  treated 
with  as  r»M  MIS  want  uuljntd  bv  Wut- 
ern  blot  usinr  a  rabbit  nnti-IRF-1  anti¬ 
body.  Luttvi  right  panel  biologically  inac¬ 
tive.  nnncleavahle  MIS  dor*  not  induce 
IRF-1  vxprtutoon.  T47D  i*lb  wvrv  treat*  d 
with  either  55  nM  bioactive  MIS  i B9i  or  35 
m>i  noncluavabk-  biologically  inActivu  rb- 
MIS  *L$>:  or  hent -inactivated  MIS  'B9-H* 
bn  2  b.  and  total  RNA  was  analyzed  tor 
IRF-1  expeetuion.  Hybndixntion  to  18  S 
rRNA  I*  dhown  to  lontral  tor  loading.  B. 
left  panel.  MIS  induce*  IRF-1  expression 
in  Mi'FlOA  mil*.  XK'FlllA  colbi  wwra 
treated  with  .55  nvi  MIS  nnd  total  RNA 
w a*  AnoJvud  by  Northern  blot.  Upper 
right  panel,  activm  A  induces  IRF-1  ex- 
proMioo  la  MCF10A  coll*.  MOFlOA  calls 
were  treated  with  2  n>l  activin  A.  and 
total  RNA  wa*  Analyzed  by  Northern  blot 
Hybr*dixnti«-c  t-.  Is  K  rRNA  i*  ihown  to 
control  far  loading.  Lexter  right  panel. 
TGF0  induces  IRF-l  «*xpre*sion  in 
XtCFlOA  mil*.  XU’FIIIA  Cell*  VMM 
treated  with  100  pM  TGF0.  nnd  50  pg  of 
total  protein  were  ur.ulwud  by  Wcstare 
blot  using  nn  anti-IRF-1  antibody  C.  MIS 
indue**  IRF-1  mRNA  In  the  iiummurv 
glands  of  mice  Mammary  gland*  of 
8- week -old  female  mica  Were  harvested  1. 
3.  and  6  h  after  intraperitoneal  tqjedkns 
of  10t>  pg  at  XllSfanUnal,  and  total  RNA 
wan  analyzed  for  IRF-1  expression  RNA 
isoUttd  from  iiummun  glands  of  mice 
6  h  after  intraperitoneal  injection  of  PBS 
wo*  us*d  as  control  <i»  3  Annual*  tor 

each  data  point*.  Hybridization  to 
GAPDU  a  shown  to  control  for  loading. 
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disease  *30l.  Furthermore,  both  activin  nnd  TGKfJ  induced 
IKK  1  in  MCKlflA  cells  'Fig.  \B.  right  panel**.  Thus  IKK  1 
expressMin  in  mammary  epithelial  cells  mar  be  under  the  reg¬ 
ulation  of  multiple  members  of  the  TGFjJ  family  including  MIS. 

We  next  determined  whether  exposure  of  mammary  glands 
to  exogenous  rhMIS  would  result  in  the  induction  of  IKK- 1  in 
vivo.  Intraperitoneal  injection  of  rhMIS  into  mice  induced 
IKK  1  expression  in  the  mammary  glands  compared  with  PBS- 
injected  controls  I  Fig.  lCl.  The  scrum  rhMIS  levels  averaged 
2  4  Mft'ml  in  the  animals  as  measured  by  ELISA  <261. 

Expression  of  IRF  1  in  the  Rat  Mammary  Gland  and  in 
Human  Breast  Cancer  Expression  analysis  of  1RF1  in  the 
mammary'  glands  of  virgin,  pregnant.  I  acta  ting,  and  weaned 
rats  demonstrated  that  IRF-1  mRNA  was  detectable  in  the 
virgin  animals  but  gradually  declined  during  pregnancy  *G5- 
(*21:  and  reached  a  nadir  at  late  pregnancy  *(*17-(»21*  and 
lactation  iPDO-PDIO:  loctatingl.  Expression  rebounded  in  the 
mammary'  glands  of  weaned  rats  IPD3-PD10:  wcanedl  and 
reached  the  level  observed  in  virgin  animals  3  days  after  re¬ 
moval  of  pups  (Fig.  2A,  upper  and  lower  panels*. 

Immunostaining  with  an  anti  IKK  1  antibody  demonstrated 
that  IKK  1  was  expressed  predominantly  in  the  epithelial  cells 
of  the  ducts  and  lobules  of  the  mammary  gland.  Expression 
pattern  of  the  IKK  1  protein  coincided  with  that  of  the  IKF-1 
mRNA;  expression  was  detectable  in  the  mammary  glands  of 
virgin  and  early  pregnant  (G5i  animals  but  not  during  late 
pregnancy  *G21  *  or  in  the  lactating  glands  •Fig.  2 B.  upper  and 


lower  panel* *.  No  signal  was  detected  when  sections  were 
stained  with  cither  affinity -purified  rabbit  immunoglobulins  or 
with  anti  IKK  1  antibody  prcincubatcd  with  the  cognate  pep 
tide  <  data  not  shown  >. 

Since  IKK- 1  expression  in  the  mammary  epithelial  cells  de¬ 
creased  during  pregnancy,  a  time  at  which  the  cells  undergo 
massive  proliferation,  wc  wished  to  determine  whether  expres¬ 
sion  of  the  IKK  1  protein  would  be  lower  in  breast  tumor  tissue 
compared  with  matched  normal  glands.  Wc  immunastained  23 
tumors  of  various  histologic  grades  with  an  anti  IRF  1  anti 
body.  Expression  of  IRF  1  was  absent  in  three  tumors  but 
present  in  the  adjacent  normal  uninvolvcd  ducts  and  lobules 
•  Fig.  2C,  upper  panel I.  Two  of  these  were  of  poorly  differenti¬ 
ated  histologic  grade,  and  one  tumor  was  moderately  differen¬ 
tiated.  In  seven  patients,  staining  for  IKK  1  was  patchy  and 
limited  to  20  80'*  of  the  tumor  tissue  'data  not  shown  I  In  the 
other  13  patients  expression  of  IKK  1  was  detectable  in  bath 
the  tumor  and  the  surrounding  normal  tissue  (Fig.  2C\ 
lower  panel  I. 

Since  these  results  suggest  a  growth  suppressive  effect  for 
IKK  1  in  breast  cancer,  wc  analvxed  whether  IRF-1  could  in¬ 
duce  apoptosis  of  breast  cancer  cells.  MDA-MB-468  cells  in 
logarithmic  grow’th  phase  were  transiently  transfected  with  a 
construct,  which  encodes  far  the  IKK  1  protein,  and  a  plasmid 
encoding  the  cell  surface  marker  CD20  as  described  by  Ref.  28. 
Vector-transfected  cells  were  used  as  controls.  Cells  were  fixed 
72  h  after  transfection  and  stained  for  CD20  expression.  An- 
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In  order  to  determine  whether  activation  of  the  NFxB  sig¬ 
naling  cascade  by  MIS  was  responsible  for  the  induction  of 
IKK  l  mRNA.  we  generated  T47D  cell  clones  which  express  the 
dominant  negative  inhibitor  of  InB  UBu  1)N  In  the  rat 
UBa-DN  transgcnc  used  m  these  experiments,  two  serine  res¬ 
idues  at  positions  32  and  36  arc  replaced  by  alanines.  Hence 
the  resulting  UBu  DN  protein  cannot  be  phasphorylated  in 
response  to  activation  signals.  Thus  it  functions  as  a  super 
repressor  of  NF*B  activation  '31).  Two  T47D  cell  clones  ex 
pressing  the  UBu  DN  transgene  were  identified  by  the  lack  of 
NFkB  activation  following  MIS  treatment  :Fig.  30,  upper 
panel'.  Induction  of  IRF  1  by  MIS  was  greatly  reduced  in  the 
two  clones  harboring  UBu  DN  compared  with  cells  transfected 
with  the  empty  vector  iFig.  30,  louer  panel*.  Thus  MlS-in 
duced  IRF  1  requires  activation  of  NF*B  DNA  binding  activity 
We  next  tested  whether  co  stimulation  of  1KF-1  by  MIS  and 
IFN  y  would  be  impaired  in  cells  expressing  UBu  DN.  North 
era  Mot  analysis  of  IxBa-DN expressing  cells  treated  with 
MIS,  IFN  y  or  both  demonstrated  that  expression  of  UBu  DN 
did  not  interfere  with  IFN-y-induced  IRF  1  expression.  The 
stimulation  of  IRF ■  1  mRNA  by  a  combination  of  MIS  and  IFN-  y 
was  equivalent  to  that  induced  by  IFN-y  alone  since  1KF-1 
induction  by  MIS  was  impaired  m  these  cells  •  Fig.  3J?  >.  Thus  it 
is  likely  that  co-stimulation  of  IRF  1  by  MIS  and  IFN-y  in 
breast  cancer  cells  is  mediated  through  activation  of  NFmB  and 
STAT  pathways,  respectively.  C'o  stimulation  of  IRF  1  was  also 


observed  when  breast  cancer  cells  were  treated  with  a  combi¬ 
nation  of  MIS  and  1FN-0,  a  class  I  interferon  iFig.  3 F). 

Synergistic  Induction  of  CEACAMI  by  MIS  and  IFN  y  Is 
Mediated  by  IFF  I — CEACAM1  also  knowm  as  biliary  glycopro¬ 
tein  iBGPi  is  a  Ca* *  -dependent  cellular  adhesion  molecule  that 
is  expressed  in  epithelial  cclLs  (32,  33'.  An  interferon -sensitive 
response  clement  iISRF'  in  the  CEACAMI  promoter  is  specif 
ically  protected  by  IRF  1  in  DNA  footprints  and  is  required  for 
induction  of  a  CEACAMI  promoter  driven  reporter  construct 
by  IRF  1 1341  Bath  MIS  and  IFN  y  induced  CEACAMI  expres 
sion  in  T47D  cells  (Fig.  4A.  left  panel*.  Induction  of  CEACAMI 
by  these  two  ligands  was  also  observed  in  MDA  MD-46-8  cells 
•  data  not  shown:-.  Interestingly,  simultaneous  addition  of  MIS 
and  IFN  y  resulted  in  synergistic  induction  of  CEACAMI  ex¬ 
pression  i  Fig.  4A.  right  panel 

In  order  to  determine  whether  induction  of  CEACAMI  by 
MIS  and  IFN-y  was  mediated  through  IRF  1.  we  generated 
T47D  ceils  that  stably  express  the  antisense  IRF  1  transcript. 
The  ability  of  antisense  IRF  1  to  block  the  translation  of  IRF- 1 
protein  was  demonstrated  by  transient  transfection  of  sense 
and  antisense  IRF  1  constructs  into  COS  cells  iFig.  4B>.  Anti- 
sense  1RF-1  expression  inhibited  the  translation  of  IRF  1  pro¬ 
tein  derived  from  an  IRF- 1  expression  construct.  Phosphorim 
ager  analysis  of  CEACAMI  mRNA  induction  in  breast  cancer 
cells  expressing  antisense  IRF  1  <Fig.  4 C,  upper  panel  demon 
strated  that  MIS  and  IFN  y- induced  CEACAMI  expression  by 
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Px;.  4  Synergistic  induction  of 
CEACAM1  by  MIS  and  IFN-y  is  medi- 
•led  by  IKP-1.  A.  left  panel.  T47D  odli 
were  treated  with  $5  nN  MIS  or  1  ng/ml  of 
IPN-y  tor  increasing  period*  «l  time.  Total 
RNA  isolated  from  cell?  *n*  analyzed  for 
CEACAMl  uxprwssK*)  by  Northern  blot 
Hybridization  to  IS  S  rflNA  is  shown 
Right  pQ/**i,  T47D  will*  wurw  trwatud  with 
95  rvM  MIS  or  1  ng'inl  of  IFN-y  or  both  for 
24  h.  ToUl  RNA  biulutud  fium  culls  wan 
analyzed  for  CEACAM1  expression  Hy¬ 
bridization  to  is  S  rRNA  I*  shown.  B. 
antisense  IRF-1  ablates  translation  of  the 
IRF-1  protwin.  Lvsatu*  from  COS  evil* 
transiently  transfected  with  1  of  CMV* 
ditun  *4iik*u  iIRF  1  Si  or  2.9  ug  of  unti- 
Ben**  IRF-1  i IRF-1  AS i  constructs  or  2  9 
Mjt  of  ontiswntt  •  1.0  p.g  at  mum  IRF-1 
constructs  wtw  immunohlotted  with  an 
antibody  to  DU  I  I  i  Mm  4  the  IRF-1 
protoin  in  indicated  C.  synergistic  induc¬ 
tion  ot  CEACAMl  bv  MIS  and  IPN-y  I* 
impaired  in  T47D  cells  expressing  anti- 
wiu«  IRF-1.  Upp* •/  /xi/uf.  Northern  Wot 
anatyw  of  total  RNA  iwlaird  from  T47D 
cell*  stahlv  trunsfuctod  with  antwunaw 
IRF-1  demonstrate*  the  expression  of  an- 
ti*wn*u  IRK  l  transcript.  Zxiuvr  pan*!. 
cells  were  induced  with  35  nM  MIS  or  1 
ngftnl  ol  IFN-t  or  both  Ua  24  h.  Total  RNA 
wan  analyzed  by  Northern  blot  for 
CEACAMl  wxprwMUm.  Fold  thangu  in 
CEACAMl  expression  quantified  using 
phosphortmagur  and  iQMuc  data  analyst* 
software  is  shown  below 
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3-  and  8  fold.  respectively,  in  control  cells  and  by  2-  and  5-fold, 
respectively,  in  two  clones  expressing  the  antisense  IRF-1  tran¬ 
script  suggesting  that  antisense  IKF-1  slightly  lowered 
CEACAM1  induction  by  MIS  or  IFN-v  ‘Fig.  4C,  touer  panels',-. 
However,  the  synergistic  up  regulation  of  CECAM1  mRNA  by 
combined  treatment  with  MIS  and  IKN-y  was  greatly  impaired 
by  the  expression  of  antisense  IKF-1:  MIS  and  IFN  >  together 
induced  CEACAMl  expression  by  30- fold  in  control  cells  while 
its  induction  was  additive  <6  7  told  I  in  both  clones  expressing 
antisensc-IKF-1  RNA  '  Fig-  4 C.  lower  panel  l. 

Effect  of  MIS  and  IFN  y  on  Breast  Cancer  Cell  Growth  — 
Since  the  signaling  events  initiated  by  MIS  and  IFN  -  y  converge 
to  increase  the  magnitude  of  gene  expression,  we  next  tested 
their  effect  on  the  growth  of  breast  cancer  cells.  Treatment  of 
MDA-MB*468  cells  with  either  MLS  or  IFN  >  inhibited  growth 
and  the  presence  of  both  inhibited  growth  better  4  Fig.  5 A; 
n  ■  8 1. 

In  order  to  identify  the  mechanism  by  which  MIS  and  IFN-y 
inhibit  growth,  assays  to  estimate  cell  cycle  progression  and 
apoptosis  were  performed.  M DA  MB  468  cells  were  treated 
with  MIS.  IFN-y,  or  MIS  -IFN-y  for  72  h,  and  the  fraction  of 


cells  in  each  phase  of  the  cell  cycle  was  estimated  by  flue  res 
cence  activated  cell  sorting  <  Fig.  SB>.  Compared  with  untreated 
cells,  MIS  or  IFN-y  treatment  consistently  led  to  a  statistically 
significant  decrease  in  the  number  of  cells  in  the  S-  phase  of  the 
cell  cycle  •  p  <  0.001  by  Student's  t  test'.  Interestingly,  in 
cultures  treated  with  a  combination  of  MIS  and  IFN-y,  the 
percentage  of  cells  in  the  S-  phase  did  not  demonstrate  a  greater 
decrease  compared  with  that  seen  with  cither  agent  alone  and 
these  cultures  did  not  exhibit  any  other  extensive  alteration  in 
cell  cycle  distribution  compared  with  cells  treated  with  either 
agent  alone.  Thus  the  enhanced  inhibition  of  breast  cancer  cell 
growth  by  MIS  and  IFN-y  could  not  be  explained  by  combined 
changes  in  cell  cycle  progression  compared  with  treatment  with 
cither  agent  alone. 

Translocation  of  annexin  V  from  the  inner  surface  of  the 
plasma  membrane  to  the  outside  occurs  oiler  initiation  of  apo 
ptosis  and  thus  serves  as  a  marker  of  apoptosis.  MDA  MB  468 
cells  were  treated  with  MIS,  IFN  >.  or  MIS  +  IFN  y  for  96  h  and 
cell  surface  expression  of  annexin  V  was  analyzed  by  staining 
with  a  FlTC-annexin  V  antibody.  Quantification  of  annexin 
V-pasitivc  cells  demonstrated  that  IFN-y  is  a  strong  inducer  of 


by  Western  hint.  I Tpper panel,  lmimmchlot  analyst*  with  an  antiphnspho-STATl  antibody.  L/mrr panel .  the  Mot  wan  stripped  and  reanalyzed  with 
an  anti-STATl  antibody  iViaitum*  ut  STATlu  and  STATlfl  xu-  indicat'd.  IFN-y  spuciftcallv  mduiwd  thv  pho*pliorvlution  of  STATlu.  l),  MIS 
induce*  IRF-1  through  activation  of  NF«B  T47D  cells  stably  transfected  with  either  vector  or  UBtt-DN  were  treated  with  MIS  for  0  and  2  h  Upper 
panel,  nutkar  procuin*  wurw  analyzed  by  gu I -shift  assay  to  dutvrimnu  NF«B  DNA  banding  activity.  Position*  o i  thu  NFxB.  DNA  proWtn  com  pleats 
are  indicated  Lower  panel,  total  cellular  RNA  '  7  5  Mg1  was  analyzed  for  induction  of  IRF-l  Hybridization  to  18  S  rRNA  is  shown  as  control  for 
loading.  E,  vwetor  and  UBu-DN-sxprusaing  T47D  cull*  wurw  trvaUd  with  35  iuv  MIS  or  1  ngfail  at  IPN-y  or  hath  far  2  h.  and  total  RNA  5  >igi  wu* 
analyzed  for  IRF-l  expression  F.  MLS  and  IFN-ff  ro-stimulate  IRF-1  expression.  T47D  cells  were  treated  with  1  ng'ml  of  lFN-ji  or  17.5  nM  MIS 
oe  a  {oiuhtnatian  ol  17.5  mi  MIS  and  1  ngtatl  of  IPN-0  for  2  h.  Total  RNA  isolated  from  culls  was  analyzed  by  Narthurn  blot 
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apoptosis  In  breast  cancer  cells  'Fig.  5 C  MIS  consistently 
increased  apoptosis  in  several  experiments  but  its  effect  was 
much  less  patent  than  that  of  IFN  v  at  the  concentration 
tested.  However,  treatment  of  cells  with  a  combination  of 
MIS  +  IFN-y  together  resulted  in  a  synergistic  increase  in  the 
fraction  of  cells  in  early  and  late  stages  of  apoptosis.  Thus 
growth  inhibition  of  MDA  MB  468  cells  fallowing  co-treatment 
with  MIS  and  IFN-y  results  from  enhanced  of  apoptosis  rather 
than  a  combinatorial  effect  on  the  cell  cycle. 

DISCUSSION 

MIS  is  a  sexually  dimorphic  hormone  that  plays  an  impor 
tont  role  in  proper  sexual  development  in  male  embryos  ll>. 
Interferons  arc  antiviral  and  immunoregulatory  proteins, 
which  can  negatively  regulate  growth  in  various  cell  types  i35>. 
IKF  l  mediates  many  IFN  y  induced  responses  within  cells  by 
enhancing  gene  expression  '  14,  15)  and  its  expression  is  also 
modulated  by  the  cytokines  TNF  a,  IL-1,  IL-6.  and  prolactin 
<:15i.  TGK/i  can  cither  up-  or  down  regulate  the  expression  of 
IKF  1  depending  on  its  growth  regulatory  role  in  a  particular 
cell  type  In  human  embryonic  lung  fibroblasts,  TGF^i-stimu- 
latcd  DNA  synthesis  was  associated  with  suppression  of  IKF- 1 
expression  whereas  in  human  cholangiocamnoma  cells,  TGFjJ 
suppressed  DNA  synthesis  through  up- regulation  of  IKF  1 <36>. 
Our  results  demonstrate  that  in  addition  to  TGF£,  MIS  and 
activin  A  also  induce  IKF  1  suggesting  that  members  of  the 
TGFjl  superfamily  may  represent  another  class  of  molecules 
that  can  regulate  IKK  1  expression. 

Analysis  of  IKF-1  expression  in  the  rat  mammary  gland 
demonstrated  a  gradual  decline  in  mRNA  that  begins  at  the 
early  stages  of  pregnancy  suggesting  that  it  may  be  a  negative 
regulator  of  growth  and-or  differentiation  in  mammary  epithe¬ 
lial  cells.  The  RNA  and  protein  were  almost  undetectable  dur¬ 
ing  late  stages  of  pregnancy  and  lactation  but  recovered  to 
levels  seen  in  virgin  animals  nearly  3  days  after  removal  of 
pups.  However,  Chapman  et  al.  *37*  analyzing  total  protein 
isolated  from  mammary  glands  of  1  acta  ting  and  weaned  mice 
by  Western  blot  demonstrated  that  IKF-1  protein  was  ex¬ 
pressed  in  the  lactnting  mammary  glands  of  mice  and  that 
levels  did  not  change  significantly  during  24.  48,  72.  and  96  h 
of  involution.  Western  blot  analysis  is  a  more  sensitive  analyt¬ 
ical  tool  than  immunostaining  to  detect  low  levels  protein  ex¬ 
pression.  Thus  it  is  possible  that  the  discrepancy  between  these 
two  observations  results  from  the  difference  in  sensitivity  be¬ 
tween  the  two  techniques.  Alternatively,  the  difference  could 
also  be  attributed  to  the  samples  analyzed:  total  IKF-1  expres¬ 
sion  in  the  mammary  gland  <37 1  versus  expression  in  the  epi¬ 
thelial  compartment  m  which  IKF  1  protein  expression  is 
maintained  at  very  low  levels  during  late  pregnancy,  lactation, 
and  early  stages  of  involution  but  is  up  regulated  at  weaning. 

Many  lines  of  evidence  demonstrate  that  IRFl  plays  a  key 
role  in  growth  control  *25).  The  IKF  I  gene  maps  to  the  chro¬ 
mosomal  region  5q31  1  that  is  frequently  deleted  in  human 
leukemia  i38>.  The  tumor  suppressor  activity  of  IKF  1  is  also 
suggested  by  loss  of  an  IKF  I  allele  in  esophageal  and  gastric 
cancer  <39  111  IKF  1  immunostaining  of  breast  cancer  spcci 
mens  demonstrated  that  the  protein  was  not  detectable  in  14^ 
of  invasive  tumors.  Expression  did  not  correlate  with  estrogen 
receptor  status  or  Page  grade  but  correlated  w*ith  nuclear 


grade;  it  was  undetectable  in  4 PS  of  breast  tumors  of  high 
nuclear  grade  1 42 1.  Consistent  with  the  results  reported  by 
Doherty  ct  at.  <42i.  our  results  demonstrated  Loss  of  IKF-1 
expression  in  13*%  (3/23*  of  breast  tumors  compared  with 
matched  normal  control  tissue.  Furthermore,  7  tumors  demon 
st rated  patchy  staining  in  20  -804*  of  the  tumor  tissue.  Thus 
some  breast  cancers  may  by-pass  the  growth -inhibitory  effect 
exerted  by  1RF  1  by  down -regulating  its  expression.  In  agree¬ 
ment  with  this  concept,  expression  of  IKF  1  in  breast  cancer 
cells  results  in  the  robust  induction  of  apoptosis. 

Paradoxically,  examination  of  involuting  mammary  glands 
of  IKK- 1 -null  mice  demonstrated  accelerated  apoptosis  com¬ 
pared  with  wild-type  mice  at  48  h  of  involution.  However,  no 
difference  in  morphology  was  evident  in  the  mammary  glands 
isolated  from  control  and  IKF- 1  null  mice  at  72  h  of  involution 
(37 1.  These  results  suggest  that  1RF-1  may  be  a  suppressor  of 
premature  epithelial  apoptosis  in  the  mammary  gland.  Thus  it 
is  possible  that  IKK- 1  serves  different  functions  during  various 
stages  of  postnatal  mammary  gland  development,  neoplastic 
transformation,  and  tumorigenic  process  of  the  breast. 

Induction  of  IKF  1  by  IFN-y  occurs  through  phosphorylation 
of  the  latent  transcription  factor  STAT1.  ho  modi  mem  of  which 
bind  to  the  IKF  J  promoter  tl5>.  However,  the  presence  of  a 
putative  NFkB  site  within  the  IKF  I  promoter  1 43,  44 1  renders 
it  responsive  to  extracellular  signals  that  activate  the  NFkB 
pathway  Induction  of  IKF  1  by  MIS  in  breast  cancer  cells  was 
mediated  by  activation  of  XFkB  and  addition  of  methvlthioad 
cnosme  to  inhibit  ST  ATI  methylation  <45 1  lowered  IFN-y-in- 
duced  IKF  1  expression  idata  not  shown).  Thus  IKF-1  co  stim¬ 
ulation  by  MIS  and  IFN-y  in  breast  cancer  cells  may  occur 
through  activation  of  these  two  pathways. 

Several  growth  regulatory  genes  including  those  with  anti¬ 
proliferative  activity  such  as  IFNu/£.  p21.  and  CEACAM  1  have 
IKF  1  DNA  recognition  sites  in  their  promoters  *25,  34 ».  In 
HcLa  and  HT  29  cells,  IFN-y  up  regulated  a  CEACAM 1  pro 
motcr  driven- lucifcrase  construct  by  2-  and  2.5-fold,  rcspcc 
tively.  an  effect  that  was  abrogated  upon  mutating  the  inter¬ 
feron  response  clement  that  binds  IRF-1  «34'.  However,  this 
report  did  not  evaluate  the  effect  of  IFN-y  and  IFN- y-induccd 
IKF  l  on  the  induction  af  endogenous  CEACAM  1  mRNA.  In 
breast  cancer  cells  expression  of  antisense  IKF- 1,  which  ablates 
translation  of  the  IKF- 1  protein  decreased  CEACAM  1  indue 
tion  slightly  when  MIS  and  IFN-y  were  used  alone  suggesting 
that  IKF  1  may  be  partially  responsible  for  this  inductive  proc 
css.  Quantification  of  bond  intensities  demonstrated  that  in¬ 
duction  of  C'KACAMl  by  a  combination  of  MIS  and  IFN-y  was 
strictly  additive  in  T47D  cells  expressing  antisense  IKF  1. 
However,  the  synergistic  up  regulation  of  CEACAM  1  by  MIS 
and  IFN-y  was  completely  abrogated  in  both  T47D  cell  clones 
stablr  expressing  the  antisense  IKF-1  transcript  suggesting 
that  IKF- 1  may  be  involved  in  the  interaction  between  MIS  and 
IFN  y  leading  to  the  synergistic  induction  of  CEACAM  1. 

IKF  1  has  been  implicated  in  mediating  the  IFN  y  contribu¬ 
tion  to  synergistic  enhancement  of  transcription  in  other  ex¬ 
perimental  systems.  Enhancer  elements  that  bind  IFN-y-re- 
sponsive  transcription  factors  including  an  IKK  1  binding  site 
have  been  shown  to  be  involved  in  the  synergistic  induction  af 
the  iNOS  promoter-driven  luciferasc  construct  by  IFN-y  <46). 


incubaUd  with  prnptdium  iadidw  and  KNum  A.  DNA  conU-nt  was  anolviad  bv  PAOS  <  Vil  cycle  analysis  of  untruutwd  cUI*  grown  for  72  h  is  shown 
as  control  Statistical  analysis  was  door  using  Student’s  t  test.  C.  MIS  promotes  IFN-y-induced  apoptosis  MDA-MB-408  cells  were  treated  with 
MLS  und  IFN-y  at  a  oanurntrutioa  of  36  nil  and  5  ngfail.  rusfwctivuly  fui  96  h.  C«Us  w*-/»-  stoinwd  with  annuxw  V-P1TC,  and  DAW  and  analysed 
by  FACS  Upper  pattcU,  representative  experiments  demonstrating  DAP1  *  and  annexin  V  *  cells  are  shown  Zones  A  'DAPl-negative,  annexin 
V-nagativui  aid  B  < U API -iM-gativv.  annuxin  V-positlwi  represent  livu  and  «urly  apoptotic  evil*,  respwctivuly  Zoim-  C  rtprusunts  cull*  in  lata  stagv 
apuptnsis  iDAPI -positive,  annexin  V- positive)  Lmrer  pnrxl  shows  the  percentage  of  cells  in  early  •  Zoo*  B  •  and  early  *  late  stages  i Zones  B  *  C>  of 
apoptosis  in  3l  Stutiktu-ol  analyst*  was  donu  using  Student  s  r  but 
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In  IKK- 1  null  macrophages.  the  ability  of  IFN-y  to  up-rcgulatc 
as  well  as  svncrgistically  induce  Cox-2  mRNA  expression  was 
abrogated  (47).  The  synergistic  induction  of  transcription  by 
IKK  1  has  been  shown  to  depend  on  protein -protein  interaction 
'.48  50  •.  Further  analysis  of  the  CEACAMl  promoter  driven 
reporter  construct  may  be  required  to  delineate  the  process  by 
which  IRK  1  mediates  the  synergistic  interaction  between  MIS 
and  IFN-y  in  the  induction  of  the  CEACAMl  gene  in  breast 
cancer  cells. 

CEACAMl,  located  on  chromosome  19  i51),  is  down-regu¬ 
lated  in  human  colon  and  prostate  cancers  <  52, 53 1  and  in  about 
30*%  of  breast  carcinomas  <54.  55 1.  Consistent  with  its  tumor 
suppressor  function,  introduction  of  CEACAMl  into  MDA  MB 
468  cells  suppressed  tumorigcnicity  in  nude  mice  56'.  In  nor 
mal  mammary  epithelial  cells,  CEACAMl  staining  is  confined 
to  the  luminal  surface  and  its  localized  expression  appears  to 
be  important  in  lumen  formation  <55.  57 1  suggesting  that 
CEACAMl  expression  may  be  important  in  differentiation  of 
mammary'  epithelial  cells.  Furthermore,  expression  of 
CEACAMl  in  the  BGF  negative  MCF7  cells  induces  cell  death 
with  occasional  formation  of  acini  when  grown  in  extracellular 
matrix  (57).  The  synergistic  up  regulation  of  CEACAMl  by 
MIS  and  1KN-  y  suggests  that  the  level  of  CEACAM 1  expression 
in  the  mammary  epithelial  cells  may  depend  on  the  integrated 
response  to  various  extracellular  signals  received  by  the  cell. 
Whether  the  synergistic  induction  of  CEACAMl  by  MIS  and 
IFN-y  can  reinitiate  the  differentiation  program  in  breast  can¬ 
cer  cells  remains  to  be  determined. 

IFN-y  in  combination  with  1KN-JJ  has  been  shown  to  induce 
the  regression  of  human  breast  cancer  cell  lines  MCK7  and 
BT20  grown  as  xenografts  in  nude  mice  '58*.  Although  the 
antitumor  effect  of  IFN-y  in  vivo  has  been  well  documented, 
toxicity  associated  with  exposure  to  IFN-y  has  diminished  its 
utility  in  treatment  <59».  The  ability  of  MIS  to  augment  IKN 
y  induced  growth  inhibitory/diiferentiation  signals  such  as 
CEACAMl  and  apoptosis  of  breast  cancer  cell  growth,  suggests 
that  MIS  mar  prove  to  be  beneficial  in  harnessing  the  antitu¬ 
mor  effects  of  this  cytokine,  especially  since  high  levels  of  MIS 
have  not  shown  any  harmful  effects  in  humans  iG0>. 

AeditouVeiignuJi/i — Wu  thunk  Dr*.  Daiuti  Kabul,  Paul  Markin.  Lulf 
El  linen,  and  Jose  Teixeira  for  critically  rending  this  article  We  thank 
Dr.  Clayton  Nuuvb,  [hxvxtur  of  th»  HurtnwU  Cantor  for  Bioinformatns 
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